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INTRODUCTION

General Features of Actinobacteria

In terms of number and variety of identified species, the
phylum Actinobacteria represents one of the largest taxonomic
units among the 18 major lineages currently recognized within
the domain Bacteria (406), including 5 subclasses and 14 sub-
orders (404). It comprises gram-positive bacteria with a high
G+C content in their DNA, ranging from 51% in some
corynebacteria to more than 70% in Streptomyces and Frankia.
An exception to this is the genome of the obligate pathogen
Tropheryma whipplei, with less than 50% G+C.

Actinobacteria exhibit a wide variety of morphologies, from
coccoid (Micrococcus) or rod-coccoid (e.g., Arthrobacter) to
fragmenting hyphal forms (e.g., Nocardia spp.) or permanent
and highly differentiated branched mycelium (e.g., Streptomy-
ces spp.) (15). They also exhibit diverse physiological and met-
abolic properties, such as the production of extracellular en-
zymes and the formation of a wide variety of secondary
metabolites (389). Notably, many such secondary metabolites
are potent antibiotics (255), a trait that has turned Streptomyces
species into the primary antibiotic-producing organisms ex-
ploited by the pharmaceutical industry (29). Furthermore, var-
ious different lifestyles are encountered among Actinobacteria,
and the phylum includes pathogens (e.g., Mycobacterium spp.,
Nocardia spp., Tropheryma spp., Corynebacterium spp., and
Propionibacterium spp.), soil inhabitants (Streptomyces spp.),
plant commensals (Leifsonia spp.), nitrogen-fixing symbionts
(Frankia), and gastrointestinal tract (GIT) inhabitants (Bi-
fidobacterium spp.). Unusual developmental features are dis-
played by many actinobacterial genera, such as formation of
sporulating aerial mycelium in Strepfomyces species or the per-
sistent nonreplicating state exhibited by certain mycobacteria.
Actinobacteria are widely distributed in both terrestrial and
aquatic (including marine) ecosystems, especially in soil, where
they play a crucial role in the recycling of refractory biomate-
rials by decomposition and humus formation (152, 403). Fur-
thermore, many bifidobacteria are used as active ingredients in
a variety of so-called functional foods due to their perceived
health-promoting or probiotic properties, such as protection
against pathogens mediated through the process of competi-
tive exclusion, bile salt hydrolase activity, immune modulation,
and the ability to adhere to mucus or the intestinal epithelium
(273, 329, 407).

The actinobacterial genomes sequenced so far belong to
organisms relevant to human and veterinary medicine, biotech-
nology, and ecology, and the observed genomic heterogeneity
is assumed to be a reflection of their biodiversity. This review
will give an account of the recent explosion of actinobacterial
genomics data and will place this in a biological and evolution-
ary context.

Evolution and Dynamics of Bacterial Genomes

The principal genetic events that determine genome shape
and structure are believed to be gene duplication, horizontal
gene transfer (HGT), gene loss, and chromosomal rearrange-
ments. Despite efforts to quantify the relative contribution of
each of these processes, no reliable model can yet explain and
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trace the evolutionary development of bacteria based on their
current genome structure (8, 183, 243, 398).

Gene duplications. It was previously thought that bacterial
genomes have evolved from a much smaller ancestral genome
through numerous gene duplication events and the consequent
generation of paralogs (244). However, an analysis based on
the currently available bacterial genome data does not support
this theory and shows that gene duplications contribute only
modestly to genome evolution (79). Despite this, it has been
noted that genes involved in a specific adaptation have been
preserved after duplications, suggesting that gene duplication
does have an evolutionary role (79). This is nicely illustrated by
the mycobacterial paranome, which largely corresponds to a
functional class of genes involved in fatty acid metabolism, in
agreement with the complex nature of the mycobacterial cell
wall and probably reflecting adaptive evolution of this cellular
structure (79, 432).

HGT. The introduction of novel or alien genes by HGT
allows for rapid niche-specific adaptation, which in turn may
lead to bacterial diversification and speciation (80). Bacterial
genome evolution is based on the combined outcome of genes
acquired through cell division, i.e., vertically inherited, and by
HGT (482). Taking this concept to its extreme, one can claim
that two bacterial taxa are more related to each other than to
a third one not because they share a more recent ancestor but
because they exchange genes more frequently (151). HGT is
held responsible for enhancing the competitiveness of bacteria
in their natural environments. For example, in some patho-
genic bacteria, segments of DNA containing many virulence
genes and gene clusters, called pathogenicity islands, appear to
have been acquired by HGT (321). Actinobacterial examples
of transmission of virulence genes through HGT are rare
(376). Of these, the following three cases appear to represent
obvious HGT events: (i) phages of Corynebacterium diphtheriae
carry the major diphtheria toxin gene, (ii) a linear plasmid
carries the genes for the macrolide toxin responsible for the
ulceration that gives Mycobacterium ulcerans its name (411),
and (iii) a large segment of the chromosome of Streptomyces
turgidiscabies concerned with causing potato scab can be trans-
ferred by conjugation (280). In addition, it has been argued
that the Mycobacterium tuberculosis Rv0986-8 virulence
operon, which plays an important role in parasitism of host
phagocytic cells by increasing the ecological fitness of the in-
fecting mycobacterium (339), was acquired horizontally by the
ancestor of M. tuberculosis, Mycobacterium prototuberculosis.
Other genetic studies of the ancestral M. prototuberculosis spe-
cies have indicated that various HGT events occurred before
the evolutionary bottleneck that led to the emergence of the M.
tuberculosis complex (167), probably from the Indian subcon-
tinent (124).

Bioinformatic methods to identify HGT events are based
principally on the analysis of divergence in the G+C content
(GC deviation), dinucleotide differences, four-letter genomic
signatures, and/or codon usage, though geneticists would often
be satisfied with HGT as the explanation for genes found in
only one organism. If the latter is correct, it would mean that
HGT frequency is rather low (below 10% of the total gene
complement) (243, 398). Interestingly, a recent analysis
showed that many of the proteins that appeared to be specific
for actinobacteria are also encoded by the genome of an al-
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phaproteobacterium, Magnetospirillum magnetotacticum, but
not by any other sequenced alphaproteobacterial genome,
leading to the proposal that M. magnetotacticum acquired
these genes by HGT from actinobacterial species (137).

Two other interesting cases of HGT between Chlamydia and
a subset of Actinobacteria (e.g., Streptomyces, Tropheryma, Bi-
fidobacterium, Leifsonia, Arthrobacter, and Brevibacterium)
have recently been described (158). In the enzyme serine hy-
droxymethyltransferase (GlyA protein), two conserved inserts
of 3 and 31 amino acids (aa) are present in various chlamydiae
as well as the above-mentioned subset of Actinobacteria. Sim-
ilarly, these bacteria contain a conserved 16-amino-acid insert
in the peptidoglycan biosynthesis enzyme UDP-N-acetylglu-
cosamine enolpyruvyl transferases (MurA). The functional and
physiological significance of these apparent HGT events be-
tween chlamydiae and Actinobacteria is presently unclear.

Gene decay. Bacterial genome size is determined by the
outcome of several opposing forces. Deletion bias and genetic
drift cause genomes to contract, while selection on gene func-
tion promotes genomes to preserve DNA. Genome increments
depend on both gene duplications and acquisition of alien
DNA, coupled to adaptive benefits (293). DNA loss may range
from large deletions that span multiple loci to deletions of one
or a few nucleotides (7). The influence of these different routes
is variable among bacterial lineages (293). Inactivating and
deleterious mutations in genes with little contribution to fitness
can be transmitted to progeny and accumulate in populations,
eventually leading to gene loss; whereas such mutations in
genes that are critical will prevent the production of progeny
and so will be eliminated from populations, resulting in the
preservation of the functional gene (320).

Gene inactivation and loss are particularly apparent in sev-
eral bacterial groups with a host-associated lifestyle, in which
the host supplies many of the metabolic intermediates, thereby
obviating the need to maintain many biosynthetic genes. In
endosymbiotic bacteria, such as Buchnera and Rickettsia, 10ss
of individual loci or operons is the only source of divergence in
the gene inventories between species (289, 419). A clear ex-
ample of genome degradation is provided by Mycobacterium
leprae, which has discarded more than 1,000 genes compared
with M. tuberculosis (84). Moreover, the presence of an even
larger set of nonfunctional genes, i.e., pseudogenes, in M.
leprae indicates that this genome contraction is still in progress.
Although the criteria for identifying pseudogenes differ among
studies, the overall rationale is identical: the predicted protein
must be altered to a degree that abolishes its function. The
thresholds applied for pseudogene identification are based on
the known size and organization of functional domains within
proteins, the observed length variation within individual gene
families, and available information on experimentally dis-
rupted proteins (320). Generally, pseudogenes include cases in
which a stop codon or deletion has resulted in an encoded
protein that is less than 80% of the length of its functional
counterpart in the contrasted genome and cases in which a
frameshift or insertion has altered more than 20% of the
amino acid sequence (263). Most of the pseudogenes so far
annotated in bacterial genomes are among the open reading
frames (ORFs) whose functions are unknown. The lack of
pseudogenes shared among multiple strains of the same spe-
cies suggests that pseudogenes are generated continually, are
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eliminated rapidly, and thus only rarely persist in bacterial
genomes (320). Other bacteria show a lower level of gene loss:
in the obligate intracellular pathogen Rickettsia prowazekii only
76% of the potential coding capacity is used, while just 12
pseudogenes were identified (9); and a recent genome analysis
of two Streptococcus thermophilus strains (33) found that 10% of
the genes were pseudogenes, perhaps reflecting adaptation of S.
thermophilus to its specialized environment, milk (33).

When all bacterial genomes are compared with each other,
a set of only 50 to 100 genes, which are called the core genome
sequences, appear to be maintained universally (for a review,
see reference 147).

Genome rearrangements. Apart from the events described
in the previous sections that affect gene content, the organiza-
tion of a genome is subject to change through chromosome
rearrangements. Synteny, a term used here to indicate the
conservation of gene order between genomes, can be applied
as a phylogenetic tool to investigate relationships between spe-
cies, since the degree of genome rearrangements increases
linearly in relation to the time of divergence of bacterial taxa
(236, 484).

Chromosomal rearrangements are largely dependent on the
activity of repeated and mobile elements such as insertion
sequences (ISs), transposons, prophage sequences, and plas-
mids (233). Bacterial genomes containing a higher repeat den-
sity have higher rates of rearrangements, leading to an accel-
erated loss of gene order (371). Homologous recombination
events between such repeat sequences catalyze both gene re-
arrangement and gene loss in the genome, thus leading to
diversification of taxa. Such recombination events may have
promoted speciation in the 7. whipplei taxon (357). Further-
more, chromosome evolution is influenced by large chromo-
somal rearrangements, e.g., large inversions, roughly symmet-
rically centered around the replication origin, which lead to the
occurrence of X-shaped patterns in the alignments of whole
genomes (117).

Taxonomy of Actinobacteria

Actinobacteria include many organisms that exhibit, or have
a tendency towards, mycelial growth. 16S rRNA gene sequenc-
ing has led to the recognition of 39 families and 130 genera,
which also include high-G+C gram-positive bacteria with sim-
pler morphology, such as bifidobacteria and micrococci (Fig. 1)
(119). The deepest branch separates bifidobacteria from all
other known families. The divergence of actinobacteria from
other bacteria is so ancient that it is not possible to identify the
phylogenetically closest bacterial group to Actinobacteria with
confidence (119).

Actinobacteria have a unique molecular synapomorphy, i.e.,
a shared derived character: a homologous insertion of about
100 nucleotides between helices 54 and 55 of the 23S rRNA
gene (375).

Actinobacterial Genome Sequencing Projects

The first actinobacterial genome to be sequenced was that of
the paradigm strain of the human tuberculosis agent, M. tuber-
culosis H37Rv (83). In the last few years, genomes of 20 dif-
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FIG. 1. Phylogenetic tree of Actinobacteria based on 1,500 nucleotides of 16S rRNA. Scale bar, 5 nucleotides. Families containing members
subjected to complete genome sequencing at the time of this writing are depicted in bold. Orders are indicated.

ferent Actinobacteria (in some cases multiple strains of the
same species) have been sequenced to completion (Table 1),
while sequencing of genomes from representatives of 43 other
high-G+C bacteria are still in progress (Table 1) (http://www
.ncbi.nlm.nih.gov/genomes/lproks.cgi).

Although most of the sequenced genomes in Table 1 are
circular, like most bacterial genomes, Streptomyces genomes
are linear. Using pulsed-field gel electrophoresis, the genomes
of some other, still-unsequenced mycelial Actinobacteria taxa,
such as Actinomyces, Amycolatopsis, Actinoplanes, Streptoverti-
cillium, and Micromonospora, were also shown to be linear,
with sizes ranging from 7.7 Mb (e.g., Micromonospora chalcea)
to 9.7 Mb (Streptoverticillium abikoense), while sometimes also
harboring large linear plasmids (362). Linear plasmids, typi-
cally possessing short inverted repeats at their termini and
protein-bound 5’ ends, are often present in Actinobacteria
(216).

Below we examine relevant genomic information from some
of the best-known actinobacterial taxa (Bifidobacterium, Myco-
bacterium, Streptomyces, Corynebacterium, Thermobifida, Leif-
sonia, Frankia, Nocardia, Propionibacterium, and Tropheryma),
partially in the light of what is known for Escherichia coli or
Bacillus subtilis, as paradigms of gram-negative proteobacteria
and gram-positive low-G+C-content bacteria, respectively. We
discuss how genomic information can be used to gain insights
into the physiology, genetics, and evolution of Actinobacteria.

GENOMICS OF BIFIDOBACTERIUM

General Features

The Bifidobacteriaceae family comprises four genera, Bi-
fidobacterium, Gardnerella, Scardovia, and Parascardovia (404),
of which only the first contains more than one species. Bi-
fidobacteria form a deep-branching lineage within the Acti-
nobacteria (136, 137). The Bifidobacterium genus contains six
phylogenetic clusters, named B. boum, B. asteroides, B. adoles-
centis, B. longum, B. pullorum, and B. pseudolongum (448).

Bifidobacteria are nonmotile, nonsporulating, non-gas-pro-
ducing, anaerobic, and saccharoclastic bacteria. They have
been isolated from five different, though somewhat connected,
ecological niches: the intestine, the oral cavity, food, the insect
gut, and sewage. Those that inhabit the GIT (e.g., B. breve, B.
longum biotype longum, and B. longum biotype infantis) have
been the subject of growing interest due to their probiotic
properties. Bifidobacteria ferment a large variety of oligosac-
charides in the GIT, some of which, in particular those that are
not digested by their host, are commercially exploited to en-
hance bifidobacterial numbers (as well as other probiotic bac-
teria) in situ, a practice that is referred to as the prebiotic
concept (146).

Of the currently recognized 29 Bifidobacterium species,
three strains that belong to the B. longum and B. adolescentis
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TABLE 1. Published data for actinobacterial genomes

Genome No. of

% G+C

No. of rRNA No. of No. of

Microorganism size (bp) ORFs content operons tRNAs pseudogenes” Reference
Bifidobacterium longum 2,266,000 1,730 60 4 66 ND 384
biotype longum NCC2705
Corynebacterium diphtheriae 2,488,635 2,320 53.5 5 54 48 60
NCTC 13129
Corynebacterium efficiens 3,147,090 2,950 63.4 5 56 ND 316
YS-314
Corynebacterium glutamicum 3,309,401 2,993 53.8 5 60 ND 195
ATCC 13032
Corynebacterium jeikeium 2,462,499 2,104 61.4 3 50 68 427
K411
Frankia alni ACN14a 7,497,934 6,786 72 2 62 12 319
Frankia sp. strain Cc13 5,433,628 4,618 70 2 61 50 NCBI source
NC 007777
Leifsonia xyli subsp. xyli 2,584,158 2,351 67.7 1 49 307 300
CTCBO07
Mycobacterium avium subsp. 4,829,781 4,350 69.3 1 47 0 268
paratuberculosis K-10
Mycobacterium bovis 4,345,492 3,953 65.63 1 49 23 139
AF2122/97
Mycobacterium leprae TN 3,268,203 1,605 57.79 1 49 1116 84
Mycobacterium tuberculosis 4,411,532 3,994 65.61 1 49 6 83
H37Rv
Mycobacterium tuberculosis 4,403,836 4,250 65.60 1 49 ND 126
CDC1551
Mycobacterium sp. strain 5,705,448 5,391 68 2 59 21 NCBI source
MCS NC_008146
Nocardia farcinica 6,021,225 5,674 70.8 3 61 0 198
IFM10152
Propionibacterium acnes 2,560,265 2,297 60 3 51 17 46
KPA171202
Streptomyces coelicolor A3 8,667,507 7,769 72 6 80 56 26
Streptomyces avermitilis 9,025,608 7,577 70 6 82 0 194
MA-4680
Thermobifida fusca YX 3,042,249 3,110 67 4 63 7 281
Tropheryma whipplei 925,938 783 46 1 54 1 27
TWO08/27
Tropheryma whipplei Twist 927,303 808 46 1 54 0 357

“ ND, not determined.

phylogenetic groups have been sequenced to completion (Ta-
ble 2), while the sequences of others, e.g., B. dentium Bdl, are
at various stages of completion: detailed sequence information
for some of these genomes is expected to become publicly
available in the near future. Furthermore, genome sequencing
of B. breve M-16V, B. breve Yacult, B. animalis subsp. lactis, B.
longum biotype longum, and B. longum biotype infantis (276) is
under way. These genomes range in size from 1.9 to 2.9 Mb
and generally display architectural features of a typical bacte-
rial chromosome. Some of these are the co-orientation of gene
transcription and DNA replication (288); a G-rich, C-poor bias

in the nucleotide composition of the leading DNA strand
(129); and a typical presumptive origin-of-replication region
(350), including a gene constellation near the origin (compris-
ing rpmH, dnaA, dnaN, and recF), a particular GC nucleotide
skew ([G-C)/[G+C]), and the presence of multiple DnaA
boxes and AT-rich sequences immediately upstream of the
dnaA gene (77).

The number of rRNA operons in bifidobacteria varies be-
tween one and five (58), perhaps reflecting different ecological
strategies (230). The number of tRNA genes in the bifidobac-
terial genomes sequenced so far is relatively stable, i.e., 54 and

TABLE 2. General features of bifidobacterial genomes

Microorganism Status® Genome size No. of % G+C No. of rRNA Reference
(bp) ORFs content operons”
B. longum biotype longum NCC2705 C 2,266,000 1,730 60 4 384
B. longum biotype longum DJO10A UF 2,375,800 1,811 59 4 NCBI source NZ_AABMO00000000
B. adolescentis ATCC15703 C 2,084,445 1,564 59 5 NCBI source NC_008618
B. breve UCC2003 C 2,422,668 1,868 59 2 254
B. dentium Bd1 UF ~2,600,000 ~2,270 59.2 NA NCBI source (project ID 17583)

“ C, finished; UF, unfinished.
> NA, not available.
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Transposon-like element

FIG. 2. Comparative genome maps of the prophage-like elements detected in Bifidobacterium genomes. Genes sharing similarity are linked.
Probable functions of encoded proteins identified by bioinformatic analysis are indicated. The modular structure is color coded: red, lysogeny;
green, DNA packaging and head; blue, tail; mauve, tail fiber; violet, lysis module; yellow, transcriptional regulator; orange, DNA replication; gray,
unknown genes; black, genes similar to other functionally unknown bacteriophage genes. Vertical blue lines, tRNA genes.

56 in B. breve UCC2003 and B. longum biotype longum
NCC2705, respectively. These are representative of all 20
amino acids, with redundant tRNAs for all amino acids except
cysteine, histidine, isoleucine, phenylalanine, and tryptophan.

Comparative Bifidobacterial Genome Analysis

Dot plot comparisons (at the nucleotide level) of the fully
sequenced bifidobacterial genomes revealed a high degree of
conservation and synteny across the entire genomes., i.e., those
of B. longum biotype longum NCC2705, B. longum biotype
longum DJO10A, B. breve UCC2003, and B. adolescentis
ACC15703. Preliminary analysis against the draft genome se-
quences of B. dentium Bd1 confirmed and extended this result.
However, there are also several breakpoint regions that seem
to represent inversions or DNA insertion/deletion points (S.
Leahy and D. Van Sinderen, unpublished data).

Recently, a B. longum biotype longum NCC2705-based spot-
ted DNA microarray was employed to compare the genomes of
10 bifidobacterial strains, including other B. longum biotype
longum strains as well as the closely related B. longum biotype
infantis and B. longum biotype suis taxa (232). Results revealed
seven large genome regions of variability, the majority of which
encompass DNA with a deviating G+C content. These regions
correspond to a prophage remnant; a cluster of genes for
enzymes involved in sugar metabolism, such as an a-mannosi-
dase; and a capsular polysaccharide biosynthesis gene cluster,
which could play a role in host-bacterium interactions (see Fig.
S1 in the supplemental material). Though very useful, microar-
ray-based comparative genome analyses suffer from some lim-
itations. It is not possible to identify regions present in the test
strains but absent from the strain that was used to construct the
array, and it will generally not allow synteny studies.

DNA Regions Acquired by HGT in Bifidobacterial Genomes

It has been suggested that selected genes involved in sugar
metabolism as well as in the production of exopolysaccharides

in B. longum biotype longum NCC2705 have been acquired via
HGT, as part of the adaptation of this organism to a specific
ecological niche. For example, a region encoding rhamnosyl
transferases seems to have been acquired from streptococci
(384), while two other regions that contain genes encoding
restriction-modification systems also appear to have been ac-
quired through HGT. Overall, about 5% of the B. longum
biotype longum NCC2705 genome content seems to have been
recently acquired by this mechanism (384).

Prophage-Like Elements in Bifidobacteria

Until recently bifidobacteria were not considered to be suit-
able targets for phage infection. However, prophage-like ele-
ments, designated Bbr-1, Bl-1, and BIj-1, are present in the
genomes of B. breve UCC2003, B. longum biotype longum
NCC2705, and B. longum biotype longum DJO10A (455).
These prophage-like elements display homology to genes of
double-stranded DNA phages that infect a broad phylogenetic
range of bacteria. Surprisingly, using the proteomic tree
method to investigate the evolution of these phages (373), it
became clear that the Bbr-1, Bl-1, and Blj-1 prophage-like
elements exhibit a close phylogenetic relationship with phages
infecting low-G+C bacteria (e.g., lactococcal and staphylococ-
cal phages) (455), perhaps because these bacteria and their
phages have shared the same ecological niche (i.e., the animal
GIT) during their evolution, thereby allowing DNA exchange.
This may therefore point to DNA transfer events between low-
and high-G+C bacteria. Perhaps such phages originally in-
fected the ancestor of high-G+C gram-positive bacteria, in line
with the concept that high-G+C gram-positive bacteria origi-
nated from low-G+C ancestors (455). The unfinished B. den-
tium Bdl genome contains at least two prophage-like ele-
ments, one of which resembled that of the NCC2705 BI-1
prophage (Fig. 2). Notably, all three published bifidobacterial
prophage-like elements are integrated in a tRNAM®' gene,
which is the first case of this tRNA gene as a target for phage
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integration in any gram-positive or gram-negative bacterium
(56). Analysis of the distribution of this integration site re-
vealed that the atB sites are well conserved in many bifidobac-
terial species and in a phylogenetically unrelated bacterium,
Thermosynechococcus elongatus BP-1 (306), but surprisingly
not in other sequenced Actinobacteria.

The 36.9-kb Blj-1 prophage is induced by mitomycin C or
hydrogen peroxide and is the first reported inducible and mo-
lecularly characterized Bifidobacterium prophage, presenting
possibilities for further studies on the biology of bifidophages.
Interestingly, the Blj-1 element possesses a putative reverse
transcriptase-encoding gene, a homolog of which was shown to
represent a diversity-generating retroelement (275, 455).

The Bbr-1 and BI-1 prophage-like elements appear to be
defective prophages, although they may constitute functional
satellite phages, whose mobility depends on helper phages in a
manner similar to that described for the cryptic mycophages
Rvl and Rv2 (175, 455).

Extrachromosomal DNA Elements

Plasmids are not ubiquitous in bifidobacteria (332, 392), and
when present they are small, i.e., ranging from 1.5 kb to 15 kb.
Completely sequenced plasmids from different B. longum bio-
type longum strains include pMB1 (378); pKJ36 and pKJ50
(332, 333); pBLO1 (384); pNACI1, pNAC2, and pNAC3 (95);
pDOJH10S and pDOJHI10L (260); pTB6 (421); pB44 (GenBank
accession number NC004443); and pNALS (162). In addition, six
plasmids from other bifidobacterial species have been sequenced:
pVS809 from Bifidobacterium globosum (285), pCIBb1 from B.
breve (327), pNBbl from B. breve (GenBank accession number
E17316), pAP1 from B. asteroides (GenBank accession number
Y11549), pBC1 from Bifidobacterium catenulatum (5), and p4AM
from Bifidobacterium pseudocatenulatum (GenBank accession
number NC003527). These plasmids do not encode any obvious
phenotypic trait, except for the plasmid isolated from B. bifidum
NCEFB 1454 (492), which was proposed to encode a bacteriocin,
bifidocin B.

Most of the plasmids contain characteristic genetic features
for plasmid replication via a rolling-circle replication system,
i.e., repB, traA, and mob genes. In contrast, pDOJH10S from B.
longum biotype longum DJO10A and pBCl1 from B. catenula-
tum contain sequences homologous to replication functions of
theta-type replicating plasmids (5, 260).

Rep proteins from different bifidobacterial plasmids do not
cluster together phylogenetically (110) but resemble replica-
tion proteins from different hosts, including gram-negative
bacteria such as E. coli (5, 260) (Fig. 3). Horizontal transfer is
also indicated for pDOJH10S, which may have been acquired
from another Actinobacteria member, possibly Rhodococcus
rhodochrous (260).

Bifidobacteria and Carbohydrate Metabolism

Mammalian (including human) biology is partially shaped by
the vast community of commensal bacteria that colonize the
GIT. Plant-based foods that are commonly consumed by mam-
mals are rich in complex polysaccharides that contain, among
others, glucose, fructose, xylan, pectin, and arabinose moieties.
Mammalian genomes do not appear to encode the enzymes
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necessary for degrading most of these glycans (CAZy database;
see below), which are supplied instead by the distal GIT mi-
crobiome (16). The human GIT microbiome is enriched in
genes involved in metabolism of sugars, including glucose, ga-
lactose, fructose, arabinose, mannose, and xylose, as well as
other sugars that escape digestion by the host’s enzymes, in-
cluding many prebiotic compounds, such as fructooligosaccha-
rides, galactooligosaccharides, glucooligosaccharides, xylooli-
gosaccharides, lactulose, and raffinose (for reviews, see
references 148, 161). Gill et al. (148) describe more than 81
different glycoside hydrolase families distributed in a mixture
of anaerobic bacteria, i.e., the GIT microbiome, which includes
Bifidobacteriales, Clostridiales, Bacteroidales, Enterobacteriales,
Fusobacterales, Thermoanaerobacteriales, and Methanobacteria
(148, 447. Many of these enzymes are not represented in the
human glycobiome. Moreover, GIT mucus provides an abun-
dant reservoir of glycans for microbiota, which serve to reduce
the effects of marked changes in the availability of dietary
polysaccharides (16).

The type of sugar available is likely to influence the species
composition and abundance of the microbiota along the GIT
(447). In this context, bacteria such as Lactobacillus are par-
ticularly prevalent in the upper GIT, where they mainly fer-
ment relatively simple mono-, di-, and trisaccharides (447). In
contrast, bacteria active in the lower parts of the colon, such as
bifidobacteria, probably owe their specific ecological success to
their capacity to metabolize complex carbohydrates. It there-
fore comes as no surprise that genes for complex sugar metab-
olism abound in the genomes of B. breve and B. longum biotype
longum. According to the sequence-based classification of car-
bohydrate-active enzymes (CAZy), over 8% of the annotated
genes of these bifidobacterial genomes may encode enzymes
involved in the metabolism of carbohydrates, including various
glycosyl hydrolases for utilization of diverse, but in most cases
not identified, plant-derived dietary fiber or complex carbohy-
drate structures. Relatively few of these glycosyl hydrolases are
predicted to be secreted, including those that are thought to
hydrolyze arabinogalactans and arabinoxylans (384). Instead,
most of the bifidobacterial glycosyl hydrolases are predicted to
be intracellular, and the genes that encode them are almost
without exception associated with genes predicted to encode
systems for the uptake of structurally diverse carbohydrate
substrates (see below). Moreover, carbohydrate-modifying en-
zymes may also shape the overall metabolic state of the colon
to sustain a microbiota that indirectly provides the host with
about 10 to 15% of its calories from the degradation of com-
plex carbohydrates through short-chain fatty acids (447).

Bifidobacteria can also utilize sialic acid-containing complex
carbohydrates in mucin, glycosphingolipids, and human milk
(187, 465). Thus, the mammalian host supplies substrates for
intestinal commensals such as bifidobacteria and lactobacilli, in
a remarkable symbiotic (or altruistic) relationship (94, 308).
Starch and amylopectin are other examples of polysaccharides
which may escape digestion in the upper human GIT and
which are plant-derived high-molecular-weight carbohydrates.
The ability to degrade these sugars appears to be restricted to
certain species or to certain strains of a particular species,
including B. breve and B. adolescentis (379).

Nearly 10% of the total bifidobacterial gene content is ded-
icated to sugar internalization, via ABC transporters, per-
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meases, and proton symporters rather than phosphoenolpyru-
vate-phosphotransferase systems (PEP-PTSs) (384), though a
PEP-PTS has been experimentally demonstrated in B. breve to
be active for the internalization of glucose (108). The PTS acts
through the concomitant internalization and phosphorylation
of carbohydrates, in which the transfer of phosphate from PEP
to the incoming sugar is mediated via a phosphorylation chain
involving enzyme I (EI), histidine-containing protein (HPr),
and EII. The B. longum biotype longum NCC2705 genome has
a single Ell-encoding locus, and that of B. breve UCC2003 has
four (287). The latter system was shown to transport fructose,
but it appears to transport glucose as well (287). This differ-
ence in the number of PEP-PTSs may indicate that B. breve
more frequently encounters less complex sugars in its pre-
ferred niche, the GITs of infants, than B. longum biotype
longum encounters in the GITs of adults, where it is prevalent.
Thus, the different diets of infants and adults may affect the
compositions of their GIT microbiomes.

Bifidobacteria and Prebiotic Properties

Prebiotics, such as fructo- and galactooligosaccharides, are
indigestible food ingredients that beneficially affect the host by
selectively stimulating growth of commensal bacteria (36, 370).
Bifidobacterial genomes have a rich arsenal of genes for such
prebiotic metabolism (116, 176, 218, 259). For example, B.
breve UCC2003 has a fos operon encompassing a putative
permease-encoding gene, a gene specifying an unknown pro-
tein, and a B-fructofuranosidase gene, which has been shown
to be involved in fructooligosaccharide degradation (380). Pre-
biotic oligosaccharides are also provided in human milk (467).
These include galactooligosaccharides (325) ranging in degree
of polymerization from 3 to over 32 galactose moieties (247).
Certain bifidobacteria can also hydrolyze high-molecular-
weight prebiotic carbon sources, such as trans-galactooligosac-
charides, the latter through an extracellular enzyme encoded
by galA (176).
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Interaction of Bifidobacteria with the GIT

The molecular basis of interactions with the host epithelium
has been investigated in detail for several pathogens such as
Listeria monocytogenes and Salmonella spp. (256, 291), but
little is known about this for commensal bacteria such as bi-
fidobacteria. Bifidobacterial genome analyses did not reveal
clear candidate genes for GIT-bifidobacterial interaction.
However, bifidobacteria are predicted to encode cell envelope-
associated structures which may play a role in host association.
All sequenced bifidobacteria appear to encode an extracellular
polysaccharide (EPS) or capsular polysaccharide, and such an
extracellular structure may be important in bacterial adher-
ence to host cells, while it could also contribute to resistance to
stomach acids and bile salts (338).

The various different EPS clusters present in the commensal
microorganism Bacteroides tetaiotamicron help to avoid im-
mune recognition by the host (240). The B. longum biotype
longum NCC2705 genome has two regions related to polysac-
charide biosynthesis that, like the cps/eps cluster of B. breve
UCC2003, are flanked by IS elements and show a strong di-
vergence in G+C content relative to the remainder of the
genome. These appear to be a genetic hallmark of cps/eps loci
examined thus far (127) and may facilitate inter- and intraspe-
cies transfer of such gene clusters.

Genes predicted to encode glycoprotein-binding fimbria-like
structures, which have been identified in the genome se-
quences of both B. longum biotype longum NCC2705 and B.
longum biotype longum DJO10A, may mediate another inter-
action with the host (232, 384). In addition, B. longum biotype
longum NCC2705 encodes a serpin-like protease inhibitor that
has been demonstrated to contribute to host interaction in the
GIT (199). The NCC2705 serpin is an efficient inhibitor of
human neutrophil and pancreatic elastases, whose release by
activated neutrophils at the sites of intestinal inflammation
represents an interesting mechanism of innate immunity (199).

GENOMICS OF TROPHERYMA

General Features

The only sequenced member of the genus Tropheryma is T.
whipplei, the causative agent of Whipple’s disease, which is
characterized by intestinal malabsorption leading to cachexia
and death. T. whipplei isolates are typically found in human
intracellular niches, such as inside intestinal macrophages and
circulating monocytes (355, 356). However, extracellular and
metabolically active 7. whipplei cells have been found in the
intestinal lumen (130). An environmental reservoir of 7. whip-
plei is also suspected, as PCR experiments revealed its pres-
ence in sewage water (283).

Phylogenetic analyses based on the 16S rRNA, 5S rRNA,
23S rRNA, groEL, and rpoB genes placed T. whipplei within
the phylum Actinobacteria (282, 479). T. whipplei was difficult
to propagate until relatively recently, when cultivation meth-
ods using human fibroblasts were established (354). Two T.
whipplei strains, TWO08/27 and Twist, have been fully se-
quenced (27, 357). Both strains have a small genome (less than
1 Mb) (Table 1) bearing the traits of strictly host-adapted
microorganisms, which include pronounced deficiencies in en-
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ergy metabolism, dependence on external amino acids, and a
lower G+C content (i.e., 46%) than free-living relatives (302).

A large amount of coding capacity is devoted to the biosyn-
thesis of surface-associated features that may sustain the intri-
cate interaction with eukaryotic cells. These surface features
include a prominent family of predicted surface proteins
termed WiSP (Wnt-induced secreted protein), ranging in size
from 103 to 2,308 aa residues. Only a few WiSP family mem-
bers contain a predicted transmembrane motif near the C
terminus that can anchor such proteins to the bacterial mem-
brane. Alignment of all the WiSP members revealed the pres-
ence of a single B-strand motif (27).

The two T. whipplei genomes contain many noncoding re-
petitive DNA regions, which may promote recombination
events that allow the bacteria to expose different sets of pro-
teins at their surface, possibly in response to host defense
actions and/or specific environmental conditions (27, 357). All
these genome characteristics are discussed in detail below. It is
noteworthy that the genomes of T. whipplei Twist and TW08/27
contain 808 and 784 coding sequences (CDSs), respectively,
with only a small number of pseudogenes. This apparent low
degree of gene decay, which contrasts with the conspicuous
gene decay of M. leprae (see below), may be related to the
complete absence of mobile genetic elements within the ge-
nomes, or it may mean that most redundant DNA has already
been removed.

Tropheryma Comparative Genome Analysis

The two available 7. whipplei genomic sequences are >99%
identical but differ by a large chromosomal inversion (Fig. 4).
The extremities of this inversion include two identical nucleo-
tide sequences corresponding to the WND domain of the
WiSPs. Consequently, the inversion event caused differences in
the WiSPs in the two strains: TWO08/27 has eight copies of
WND domain sequences that are identical across an 800-bp
nucleotide span, whereas the rest of these WiSP genes do not
display any DNA similarity. This suggests that WND motifs act
both as coding regions and as DNA repeats to promote ge-
nome recombination (357).

The comparison of T. whipplei genome sequences with those
of other reduced bacterial genomes (less than 1 Mb), such as
Mycoplasma species, Ureaplasma, and Buchnera revealed a re-
duced complement repertoire of genes for most functional
categories (357). However, mycoplasmas are genetically better
equipped for carbohydrate metabolism and transport, and
Buchnera displays a larger gene content devolved to energy
production and conversion. This variability shows that small
bacterial genomes did not necessarily follow the same reduc-
tive evolutionary pathway.

DNA Region Acquired by HGT in 7. whipplei Genomes

HGT events appear to be less frequent for intracellular
bacteria with small genomes than for free-living bacteria (27,
40, 321, 357). In T. whipplei Twist, only nine genes, about 1%
of the entire genome, appear to have been acquired by HGT.
These encompass aminoacyl-tRNA synthetase-encoding genes,
genes involved in nucleotide metabolism (purB and pyrB), and
genes specifying hypothetical proteins (357).
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Possibly, the comparatively nonpromiscuous lifestyles of
intracellular bacteria do not offer extensive opportunities to
exchange DNA with other bacteria. The absence of mobile
elements is also consistent with the notion that 7. whipplei
resides in an isolated niche, being sheltered from foreign
bacterial DNA.

Tropheryma Genome and Biological Lifestyle

Metabolic reconstruction of 7. whipplei from genome data
indicates the absence of biosynthetic pathways for arginine,
tryptophan, and histidine biosynthesis and incomplete path-
ways for the synthesis of glycine, serine, leucine, and cysteine.
There are also deficiencies in cofactor biosynthesis, energy
metabolism, and carbohydrate metabolism. The absence of
genes required for prototrophic growth is another indicator of
the reliance of these microorganisms on their host for various
compounds. Nevertheless, among intracellular microorganisms
with reduced genomes, 7. whipplei has the most complete bio-
synthetic pathways for purine and pyrimidine nucleotides, fatty
acids, several cofactors, and other small biomolecules. Like
Buchnera, T. whipplei genomes have maintained about half of
the amino acid biosynthetic pathways. In Buchnera the re-
tained metabolic pathways correspond to those necessary for
the synthesis of amino acids essential for their insect hosts.
However, since no such symbiotic association is known for 7.

whipplei, its retained biosynthetic capacity is probably a reflec-
tion of the amino acids that are in limited supply in its natural
environment or host. All this genome-acquired knowledge al-
lowed the formulation, through computer modeling of the T.
whipplei metabolic networks, of a comprehensive culture me-
dium that supported axenic growth of this organism (366).
Acquisition of iron is crucially important for bacterial patho-
gens in the iron-depleted host environment. The genome sur-
vey of T. whipplei identified a gene cluster predicted to be
involved in ferri-siderophore uptake. However, apart from the
presence of a homolog of the gene for the mycobacterial iron
dependent regulatory protein IdeR, no genes with clear ho-
mology to known siderophore genes have been identified, in-
dicating that 7. whipplei might only be able to scavenge xeno-
siderophores (27).

Interaction of Tropheryma with the Environment

Almost 15% of the T. whipplei predicted proteins and 74%
of the hypothetical proteins are expected to be exported from
the cell or associated with the cell envelope. The assignment of
so many extracellular proteins may be a reflection of the im-
portance of host interactions to the organism. The T. whipplei
WiSPs (see above) resemble proteins known to be involved in
pathogenesis and host-immune evasion, such as the Staphylo-
coccus aureus Bap protein, a biofilm-associated protein that
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projects from the cell surface, allowing interactions with adja-
cent surfaces (100).

GENOMICS OF PROPIONIBACTERIUM
General Features

Currently, only one complete propionibacterial genome se-
quence, that of Propionibacterium acnes strain KPA171202, is
publicly available (46). P. acnes is a non-spore-forming, anaer-
obic, pleomorphic rod whose end products of fermentation
include propionic acid. The organism belongs to the human
cutaneous propionibacteria, along with P. avidum, P. granulo-
sum, P. innocuum, and P. propionibacterium. P. acnes is ubiq-
uitous on human skin, preferably within sebaceous follicles,
where it is generally a harmless commensal. Nevertheless, P.
acnes is an opportunistic pathogen (180, 197). It has been
isolated from sites of infection and inflammation ranging from
acne to diverse other conditions such as corneal ulcers, endo-
carditis, synovitis, pulmonary angitis, hyperostosis, endoph-
thalmitis, and osteitis (SAPHO) syndrome (99, 193, 203). P.
acnes grows slowly and can resist phagocytosis and persist
intracellularly within macrophages (472). This resistance to
phagocytosis may be conferred by a complex cell wall structure,
which also includes a surface fibrillar layer (301).

The circular 2.5-Mb chromosome of P. acnes KPA171202
(DSM16379) contains 2,333 predicted genes and 35 pseudo-
genes (Table 1). A function has been assigned for around 70%
of the identified genes.

Data concerning the relatedness of the skin isolate
KPA171202 to other P. acnes isolates are limited to just a few
genes, including the 16S rRNA, gehA, groEL, and dnaK genes.
Such analyses are not very informative, since only limited vari-
ability exists between homologs of these genes at the DNA
level. Comparative genome analyses with closely related gen-
era, such as Mycobacterium, Streptomyces, and Corynebacte-
rium, revealed that the closest related genome is that of Strep-
tomyces avermitilis. However, genomic synteny between P.
acnes and S. avermitilis is limited to just a few gene clusters
(46).

Extrachromosomal DNA Elements in Propionibacterium

Endogenous small plasmids, of 6 to 10 kb, have been iden-
tified in a few Propionibacterium species, i.e., P. acidipropionici,
P. jensenii, P. granulosum, and P. freudenreichii (363). Only four
have been sequenced: pRGO1 from P. acidipropionici (224),
p545 from P. freudenreichii (211), the cryptic plasmid pPGO1
from P. granulosum (NCBI source NC_004526), and pLME106
from P. jensenii (NCBI source NC_005705). Two genes, repA
and repB, encoding putative replication proteins similar to
those of ColE theta-type replicating plasmids, were found in all
but pPGO1, indicating that a similar replication mechanism is
used by many Propionibacterium plasmids (Fig. 3).

DNA Region Acquired by HGT

A survey of the P. acnes genome for DNA regions that show
an uncommon codon usage as well as a deviation in G+C
content highlighted 10 regions that may have been acquired by
HGT (45) (Fig. 5a). These include a cryptic prophage (see
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below), a cluster of genes predicted to be involved in conjugal
DNA transfer, and a putative lanthionine biosynthesis cluster.
Various other suspected HGT-acquired DNA regions, apart
from those that specify predicted PTS-mediated substrate up-
take systems, are assumed to express virulence traits. These
include genes specifying factors for iron acquisition and adhe-
sion, as well as hemolysin/cytotoxin factors. Another interest-
ing alien DNA region is a 43-gene cluster predicted to encode
a nonribosomal peptide synthetase similar to a nonribosomal
peptide synthetase system of a Streptomyces species that en-
hances the biological fitness of the bacterium (62).

Prophage-Like Elements in Propionibacterium

P. acnes KPA171202 contains a single, apparently defective,
prophage-like element, named Pro-1 (57). The small number
of phage-related genes represent functions (e.g., an antirepres-
sor, holin, helicase, DNA polymerase, and primase) found in
bacteriophages infecting low-G+C bacteria (Enterococcus,
Streptococcus, Clostridium, and Lactobacillus) (Fig. 5b). These
phage-related genes are not organized in the modular struc-
ture typical of lambdoid phages (35), but are dispersed among
genes displaying classical bacterial origins, such as genes en-
coding an NADH oxidoreductase and a peptidase. Interest-
ingly, Pro-1 carries a gene (abiF) encoding a protein resem-
bling a Lactococcus lactis phage defense system that interferes
with intracellular phage multiplication (for a review, see ref-
erence 72). The Pro-1 element is flanked on one site by a
glycine tRNA gene, although no clear attachment sites can be
distinguished in the flanking phage sequences. Based on its
genetic structure, it seems that Pro-1 has been subject to in-
tensive genome reshuffling and decay, indicating that the inte-
gration of this prophage was not a recent event.

P. acnes Genome and Biological Lifestyle

The genome sequence of P. acnes reflects its presence and
activity as a ubiquitous commensal on human skin. Metabolic
reconstruction revealed the capacity of P. acnes to cope with
varying oxygen availability, in accordance with its growth under
microaerobic as well as anaerobic conditions (96, 156). The
genome encodes all key components of oxidative phosphory-
lation, employing two terminal oxidases, a cytochrome aa,
oxidase, a cytochrome d oxidase whose E. coli homolog pre-
dominates when cells are grown at low aeration, and an FF,-
type ATP synthase (46). All genes of the Embden-Meyerhof
and pentose phosphate pathways are present. Under anaerobic
conditions P. acnes grows on different carbon sources, includ-
ing glucose, ribose, fructose, mannitol, trehalose, mannose,
N-acetylglucosamine, and glycerol (46). Fermentation prod-
ucts are short-chain fatty acids, especially propionic acid. P.
acnes can also mobilize metabolic capabilities such as nitrate
reductase, dimethyl sulfoxide reductase, and fumarate reduc-
tase to allow anaerobic respiration.

Various P. acnes gene products can degrade and use host-
derived substances. Before the genome decipherment, knowl-
edge of the capacity of P. acnes to use skin tissue was limited
to a secreted extracellular triacylglycerol lipase, GehA, isolated
from P. acnes P-37 (294). This enzyme degrades skin lipids,
such as sebum, which may be a crucial activity for skin coloni-
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FIG. 5. (a) Genome map of Propionibacterium acnes KPA171202. The genome variability regions are indicated by black boxes. (b) Genome
map of the P. acnes KPA171202 Pro-1 prophage. Probable functions of encoded proteins indicated by bioinformatics analysis are noted.

zation. Furthermore, it was proposed that free fatty acids,
released by P. acnes lipase activity on sebum, assist bacterial
adherence and colonization of the sebaceous follicle (155). As
expected, the genome of P. acnes KPA171202 contains a gehA
homolog, while it also contains other genes that encode pre-
dicted extracellular (secreted and cell wall-bound) lipases.
The degradation of host tissues is also facilitated by hyal-
uronate lyase, which acts on a key constituent of the extracel-
lular matrix of connective tissues (408). The P. acnes genome

encodes such an enzyme, as well as numerous additional en-
zymatic activities with suspected roles in host tissue degrada-
tion, such as two endoglycoceramidases and four sialidases, a
putative endo-B-N-acetylglucosaminidase, and various extra-
cellular peptidases. There are also genes specifying homologs
of CAMP factors, which are typically found in pathogenic
staphylococci (140). The CAMP reaction causes synergistic
lysis of erythrocytes due to the interaction of the CAMP factor
with the Staphylococcus aureus sphingomyelinase C. CAMP



508 VENTURA ET AL.

factors can bind to the Fc fragment of immunoglobulins of the
immunoglobulin G and immunoglobulin M classes (140).

Interaction of P. acnes with Its Environment

The capacity of P. acnes to modulate the immune system has
been thoroughly studied. Increased cellular and humoral im-
munity to P. acnes has been detected in patients with severe
acne (209, 237). The P. acnes genome encodes various cell
surface or surface-exposed proteins that may exhibit cell-ad-
herent properties. Many of these possess a C-terminal
LPXTG-type cell wall-sorting signal required for binding of
surface proteins to the cell wall through the action of a so-
called sortase (92). Three genes within the P. acnes genome
possess contiguous stretches of 12 to 16 guanine or cytosine
residues, distributed either in the promoter or in the coding
region. The sequences within these regions were ambiguous
with respect to the length of the poly(C/G) stretch (46). Such
variable homopolymeric C or G stretches, which are generated
by slipped-strand mispairing during replication, have been re-
ported to be involved in phase variation, an adaptive strategy
commonly noticed in bacterial pathogens (46). P. acnes has a
lipoglycan-based cell wall envelope (474), which may well play
a role in adherence to skin and in the formation of a biofilm
matrix (53). Furthermore, the genome of P. acnes contains
three clusters involved in EPS biosynthesis. All these extracel-
lular structures may modulate immunogenicity towards the
microorganism and/or may constitute a barrier against antimi-
crobial compounds.

P. acnes abundantly produces porphyrins, which might con-
tribute to skin damage (156). The interaction of porphyrins
with oxygen is thought to contribute to keratinocyte damage
and consequently to have implications regarding the pathogen-
esis of progressive macular hypomelanosis (473). However, it is
known that P. acnes can be eradicated by illumination with
intense blue light, which induces photoexcitation of bacterial
porphyrins, singlet oxygen production, and thus bacterial de-
struction (14). The P. acnes genome contains two clusters of 26
and 8 genes, respectively, which are involved in vitamin B,,
biosynthesis (46).

GENOMICS OF MYCOBACTERIUM
General Features

The genera Corynebacterium, Mycobacterium, and Nocardia
form a monophyletic taxon, the so-called CMN group, within
the Actinobacteria (119). These bacteria share an unusual cell
envelope composition, characterized by the presence of a waxy
cell envelope containing mycolic acids, conferring alcohol and
acid-fast staining properties on these bacteria which distin-
guish them from other bacteria.

The genus Mycobacterium is highly diverse and comprises 85
different species, which have been identified since the isolation
of M. leprae in 1873 (358). In addition, there are a number of
Mycobacterium bovis bacille Calmette-Guérin (BCG) vaccine
substrains, which are derived from an attenuated M. bovis
strain obtained in 1921 (24). Finally, individual Mycobacterium
species, such as M. tuberculosis, display great diversity (219).
Generally, mycobacteria are free-living saprophytes (121) and
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are well adapted to different habitats, such as soil (485) and
aquatic environments (87). A few species, such as M. bovis and
M. tuberculosis, first identified in infected animals, have never
been isolated from other environments, suggesting that they
are obligate parasites of humans and animals (86). Neverthe-
less, caution should be taken in drawing such a conclusion: the
pathogenic M. ulcerans has also been isolated as a soil inhab-
itant in symbiosis with roots of certain plants present in tropical
rain forests or similar environments (174).

Mycobacteria are the causative agents of a broad epidemi-
ological, clinical, and pathological spectrum of diseases in hu-
mans. Mycobacterial diseases are very often associated with
immunocompromised patients, especially AIDS patients. M.
tuberculosis and related species, such as M. bovis, cause tuber-
culosis, surviving within macrophages. M. tuberculosis may pri-
marily cause pulmonary disease, although organs other than
lungs may be affected. M. leprae causes leprosy, living within
Schwann cells and macrophages to give rise to a chronic gran-
ulomatous disease of the skin and peripheral nerves (201). M.
ulcerans is the third most common mycobacterial disease (443).
However, in contrast to the other mycobacteria, M. ulcerans
grows outside of its host cells, and its pathogenicity is attrib-
uted to the secretion of a toxin. The M. ulcerans-mediated
chronic disease results in painless, expanding skin ulcers. Many
other environmental mycobacteria (e.g., M. avium) may on
occasion cause localized or disseminated clinical illness such as
lymphadenitis (121).

Due to their clinical importance, genome sequences of sev-
eral mycobacterial species have been determined (Table 1).
These include M. tuberculosis and M. leprae (83, 84, 126); M.
bovis, which causes bovine tuberculosis (139); and M. avium
subsp. paratuberculosis, the agent of Johne’s disease in cattle
(271). Additional ongoing mycobacterial genome sequencing
projects include those for three undetermined mycobacterial
species (NCBI sources NC_008146, NZ_AAQC00000000, and
NZ_AAQDO00000000), M. flavescens PYR-GCK (NCBI source
NZ_AAQO00000000), M. tuberculosis C (NCBI source NZ _
AAKRO00000000), M. tuberculosis F11 (NCBI source NZ_
AAIX00000000), M. tuberculosis strain Haarlem (NCBI source
NZ_AASN00000000), and M. vanbaalenii PYR-1 (NCBI
source NZ_AAPF00000000). Here we focus on the published
and completely sequenced mycobacterial genomes (84, 126,
139, 271).

Genomics of M. tuberculosis

The first mycobacterial genome sequence to be determined,
that of M. tuberculosis H37Rv, consists of a 4.41-Mb circular
chromosome encoding 3,924 proteins (Table 1) (84). The ge-
nome sequence of second strain, M. tuberculosis CDC1551,
which causes widespread skin test conversion in rural parts of
the United States (441), has also been published (126). This
genome, though slightly smaller, is nearly identical (99.94%) to
that of H37Rv (Table 1).

In contrast to the situation described for fast-growing bac-
teria such as B. subtilis, the orientation of genes with respect to
the direction of replication is less biased (59% of them are
transcribed with the same polarity as the replication forks,
instead of 75% in B. subtilis [246]). It is believed that higher
expression levels can be achieved by coordinating directions of
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transcription and replication, and it is therefore assumed that
the observed gene orientation in M. tuberculosis is in concor-
dance with its low growth rate.

M. tuberculosis genome architecture. More than 50% of the
identified M. tuberculosis H37Rv genes appear to have been
subjected to gene duplication or domain-shuffling (432), while
3.6% of the genome is occupied by IS elements located at 56
loci (153). Furthermore, a novel repeated sequence belonging
to the REP13E12 family is present in seven copies on the
H37Rv chromosome, and part of this sequence can be used as
the integration site of phage phiRvil. Notably, in M. tubercu-
losis strains Erdman and CDC1551, this phage is integrated in
a different copy of REP13E12 compared to that of strain
H37Rv (83). Another IS element that has dramatically affected
the genome shape of M. tuberculosis strains is 1S6110, an 1S3-
like element, which has been used as an epidemiological tool
due to its nisin-induced transposition frequency, which gener-
ates observable genetic variability among isolated strains (e.g.,
H37Rv possesses 16 copies, while CDC1551 has just 4 copies)
(445). Transposition causes both gene inactivation through
insertion and genome decay as a consequence of recombina-
tion-mediated deletion between two copies of the element
(122). M. tuberculosis H37Rv possesses four loci that could
potentially be removed by such a mechanism (41). One of
these loci was indeed absent from the genomes of some M.
tuberculosis strains, thus constituting a hot spot for genome
variability (179).

The H37Rv genome also contains about 65 copies of a novel
dispersed repeat named the mycobacterial interspersed repet-
itive unit (MIRU) (131, 412), which ranges in size from 46 to
101 bp. Generally, MIRUs occur at the 5’ ends of genes,
whereas MIRU copies located between genes in operons are
often predicted to encode peptides and appear to have inserted
into such positions so as to allow translational coupling (412).

M. tuberculosis genome and biological lifestyle. M. tubercu-
losis contains a remarkable mixture of polyketides, lipoglycans,
lipids, and glycolipids in its waxy envelope layers (101). The M.
tuberculosis genome sequences revealed genes that sustain the
production of all of the above-mentioned molecules. An ex-
ample of genome adaptation of M. tuberculosis to its ecological
niche is the presence of large gene clusters that confer lipolytic
functions; in host tissues, lipid substrates are more abundant
than carbohydrate substrates. In addition to genes for the
prototype B-oxidation cycle, the M. tuberculosis genome con-
tains about 100 genes for enzymes involved in alternative lipid
oxidation pathways, in which exogenous lipids are metabolized
following the degradation of host cell membranes (83). The
derived acetyl coenzyme A (acetyl-CoA) can then be used for
the synthesis of mycobacterial cell wall components or utilized
for other metabolic pathways (e.g., the Krebs cycle or glyoxy-
late shunt).

In addition to lipolysis, energy may also be generated
through hydrolysis of a wide variety of carbohydrates, alcohols,
ketones, and other hydrocarbon compounds. Genome pathway
reconstruction has identified all genes necessary for the glyco-
lytic and pentose phosphate pathways, as well as a large arsenal
of genes for putative oxidoreductases, oxygenases, and dehy-
drogenases, thereby allowing the metabolism of other carbon
sources. Notably, the H37Rv genome contains a gene for a
cytochrome family member that may catalyze the introduction
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of oxygen groups into organic molecules, perhaps as a mech-
anism to degrade organic matter (11). This enzyme is com-
monly found in the genomes of bacterial soil inhabitants, and
its presence in the M. tuberculosis genome indicates that, like
many other mycobacteria, the tubercle bacillus may have oc-
cupied this niche before evolving as an obligate pathogen.

The genome of M. tuberculosis contains all the genes re-
quired for oxidative phosphorylation under aerobic conditions.
However, analysis of the genome suggests that M. tuberculosis
can also respire anaerobically using alternative terminal elec-
tron acceptors (e.g., fumarate or nitrite) (471). This may allow
growth of M. tuberculosis under conditions of limited oxygen
availability in abscesses and granulomas.

About 10% of the predicted coding capacity of the genome
of M. tuberculosis is dedicated to two large and unrelated novel
families of acidic, glycine-rich proteins, the PE and PPE fam-
ilies, whose genes are clustered and often present in multiple
copies (82, 83). Of particular interest are the PE proteins and
PPE proteins belonging to the major polymorphic tandem re-
peat (MPTR) subfamily or the polymorphic G+C-rich se-
quence (PGRS) subfamily (Fig. 6). PGRS proteins contain
almost 50% glycine, in tandem repetitions of the motif Asn-
Gly-Gly-Ala-Gly-Gly-Ala or variants thereof. Some MPTR
proteins display multiple repetition of the motif Asn-X-Gly-X-
Gly-Asn-X-Gly. Both the PGRS and MPTR subfamilies in-
clude surface proteins, some of which may also possess antigen
properties (74, 109). The PPE-PPW subfamily (3) has a char-
acteristic conserved 44-amino-acid region in the C terminus
containing Gly-Phe-X-Gly-Thr and Pro-X-X-Trp motifs (Fig.
6). Members of the last PPE subfamily, the PPE-SVP proteins,
have low homology at the C terminus and are characterized by
the motif Gly-X-X-Ser-Val-Pro-X-X-Trp (446) (Fig. 6). Sev-
eral members of these subclasses appear to be involved in
pathogenesis (55, 271, 353), while others act as adhesins and
influence phagocytosis (83).

Comparative genomics within the M. fuberculosis complex.
The H37Rv and CDC1551 sequences revealed an unexpect-
edly high level of polymorphism (126): the H37Rv genome
contains 37 insertions (greater than 10 bp) relative to strain
CDCI1551. Moreover, a different repertoire of IS elements was
identified in these genomes, particularly for IS6710 (see above)
(122). While H37Rv contained several deletions associated
with a possible IS6710 recombination mechanism, none of the
deletions described for CDC1551 appeared to be the result of
such mechanism.

Whole-genome comparison between CDC1551 and H37Rv
also highlights the presence of large sequence variation in
several genes, such as those encoding a phospholipase C, a
membrane lipoprotein, and clustered members of an adenylate
cyclase gene family, which in the H37Rv and CDC1551 ge-
nomes include three and four genes, respectively (see Fig. S2 in
the supplemental material). One of the clustered adenylate
cyclase-encoding genes in H37Rv is an in-frame chimera of the
3" and 5’ ends of two adjacent genes in the CDC1551 genome,
generated by a deletion-fusion event, thus suggesting an an-
cestral structure of four tandemly organized genes (126).

Several genes, including members of the PE/PPE gene fam-
ily, have significantly higher synonymous and nonsynonymous
substitution frequencies than the genome as a whole. Notably,
the ratio of nonsynonymous to synonymous substitutions in M.
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FIG. 6. (a and b) Diagrammatic representation of the gene structures of the members of the PE and PPE gene family, displaying conserved
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(Modified from reference 446 with permission from BioMed Central.)

tuberculosis is approximately 1.6, much lower than those in
housekeeping genes in E. coli and Salmonella enterica, in which
they range from 4 to 17 (37, 466).

The low ratio observed in M. tuberculosis indicates either
additional selective pressure in favor of synonymous substitu-
tions or decreased selection against nonsynonymous substitu-
tions (126).

The genomes of 100 epidemiologically well-characterized M.
tuberculosis clinical isolates have been investigated with DNA
microarrays (438). This analysis highlighted 68 different large
sequence polymorphisms, representing 4.2% of the genome,
which are present in H37Rv but absent from one or more
clinical isolates. Deletions were found to be clustered in the
genome, and further analysis suggested two distinct causes.
Some deletion clusters appeared to be specific to a single
mycobacterial lineage, whereas other clusters seemed to indi-
cate the presence of regions of genomic vulnerability through-
out the species. Some deletions may offer short-term advan-
tages, such as escape from the host immune system, whereas
others could reduce the load of mobile elements, such as
prophages; others again could offer strong advantages such as
antibiotic resistance.

Interestingly, genes encoding proteins associated with

pathogenesis in M. tuberculosis, such as the genes coding the
Snm protein secretion system, are critical for mediating inter-
actions during infection to allow pathogen survival in the hos-
tile environment and are conserved among all mycobacteria,
including the nonpathogenic saprophyte Mycobacterium smeg-
matis (93). Furthermore, only a few genes that make up the
pathogenicity island (Rv0298 to Rv0303, Rv0323c to Rv0331,
Rv0656¢c to Rv0666, Rv1041 to Rv1055¢c, Rv2302 to Rv2312,
Rv2801c to Rv2824c, Rv2954c to Rv2961, Rv3108 to Rv3126c,
and Rv3173c to Rv3191c¢) are present in the genomes of mem-
bers of the M. tuberculosis complex or in a few phylogenetically
closely related groups (e.g., Corynebacterium or Rhodococcus)
(22).

Prophage-like elements in M. tuberculosis. The two se-
quenced M. tuberculosis strains contain two prophage-like el-
ements (each approximately 10 kb), phiRv1 and phiRv2. The
phiRvl element is predicted to encode three head proteins, a
primase, and an integrase of a serine recombinase family that
catalyzes integration and excision (an adjacent small ORF con-
trols the directionality of such a recombination event). The
phiRv2 element is similarly organized, except for the presence
of an IS element (175).

Much more is known about inducible prophages from non-
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sequenced M. tuberculosis strains. This knowledge has been
used to develop genetic tools, e.g., integration vectors, for the
manipulation of mycobacteria (261). The most intensely stud-
ied mycobacterial phage is LS. The genome of this temperate
phage consists of a left part, containing a structural gene clus-
ter, which shares similarity with many dairy phages and lamb-
doid coliphages (172). The right part of the L5 genome con-
tains the lysogeny module. Notably, in this phage lysogeny is
established by a phage repressor that requires stabilization by
a protein encoded by an adjacent ORF (310). The L5 repressor
regulates transcription at an early lytic promoter, but it also
affects gene expression of the phage genome through binding
to several so-called stoperator sites located within short inter-
genic spaces in both early and late lytic operons (44). Other
well-studied temperate mycobacteriophages include phages
D29 and Bxbl, whose overall genome organizations are very
similar, though sequence similarity is patchy and in general
does not exceed 60% amino acid identity. Interestingly, Bxbl
specifies many enzymes that could degrade or modify the my-
cobacterial cell wall (290).

Genomics of M. bovis

The only sequenced M. bovis genome, that of strain AF2122/
97, is a circular 4.4-Mb chromosome encoding 3,952 proteins
(Table 1) (139). Although its genome shares over 99.9% DNA
sequence identity with the other members of the M. tubercu-
losis complex, M. bovis can be differentiated on the basis of its
different host range and virulence and a few other distinctive
phenotypes.

M. bovis genome architecture. Deletion of genetic informa-
tion is the dominant trend in M. bovis, which has many pseu-
dogenes (139). These pseudogenes resemble intact genes that
are involved in transport and cell surface structures (e.g., pstB,
ugpA, mce3A to -F, IppO, IpqG, IprM, pks6, mmpL1, and
mmpL9), detoxification (e.g., ephA, ephF, and alkA), interme-
diary metabolism (e.g., epid and gmdA), fatty acid metabolism
(e.g., fadE22 and echAl), and cofactor biosynthesis (e.g., moaE
and moaC2). M. bovis (and M. leprae) also lacks the AtsA
system for the hydrolysis of sulfate esters to recycle sulfate
(190).

M. bovis genome and biological lifestyle. The M. bovis cell
wall contains phenolic glycolipids that are absent from M.
tuberculosis. Consistent with this, the M. bovis genome contains
a TbD1 locus consisting of the mmp genes, which specify a
family of membrane-spanning proteins involved in the export
of the phenolic cell wall glycolipids.

Another key feature of M. bovis is a requirement for pyru-
vate when glycerol is the sole carbon source (468). In M. bovis,
glpK, which encodes a glycerol kinase, is a pseudogene, pre-
venting the phosphorylation of glycerol and therefore its use as
a carbon source (139). Other genes that may influence the
biological lifestyle of M. bovis are those encoding antigens. The
cell surface-located antigen repertoire specified by a (patho-
genic) microorganism may reflect its immune modulatory
strategy. The M. bovis genome encodes a group of antigens, the
ESAT-6 family, which were originally described as T-cell an-
tigens secreted by M. tuberculosis (401) and belong to a large
family that contains other T-cell antigens such as CPF-7 and
CPF-10 (432). The demonstration of an interaction between
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ESAT-6 and CPF-10 suggests that other members of the family
may also act in pairs, possibly in a mix-and-match arrangement
(367). However, six members of the ESAT-6 family in M.
tuberculosis are absent from the genome of M. bovis. The
effects of the absence of these proteins are difficult to predict,
although it may affect the function of other members if they act
in combination (139).

Comparative Genomics of M. bovis and M. tuberculosis

The deletion of segments ranging from 1 to 12.7 kb com-
pared with other members of the M. tuberculosis complex af-
fects a wide range of metabolic functions and putative viru-
lence factors (24, 153). For example, the loss of a DNA region
encompassing three phospholipase C-encoding genes, which
are known virulence factors in Clostridium and Listeria species
(434), is expected to affect pathogenesis.

There are 2,437 single-nucleotide polymorphisms (SNPs)
between the genomes of M. bovis and M. tuberculosis H37TRv
and 2,423 SNPs when the M. bovis genome is compared with
that of M. tuberculosis CDC1551 (139). Some of these are in
genes that may have a crucial role in the biology of the organ-
ism. For example, the SNP in the pncA gene in M. bovis confers
resistance to the key antituberculosis drug pyrazinamide and
prevents accumulation of niacin as observed in M. tuberculosis
(498). Moreover, a single base change in the principal sigma
factor gene may also be sufficient to attenuate M. bovis (88).

Genomic deletions have significantly contributed to the evo-
lution of other, relatively recently clonal organisms (322), in
particular those showing a species-specific host dependence
(231). The analysis of genome variability within M. bovis and
M. bovis-like mycobacteria (e.g., M. pinnipedii, M. caprae, and
oryx bacillus) (305) revealed many sequence polymorphisms in
predicted virulence genes. In the case of the M. tuberculosis
complex, these regions have proven to be very informative both
for the identification of genes that vary between strains (438)
and for the identification of molecular signatures that differ-
entiate members of the complex (41, 305). From these inves-
tigations emerged the notion of geographically defined and
host-restricted forms of the M. tuberculosis complex (178, 305).
Specific genomic deletion profiles appear to be restricted to
well-defined host types. Since host adaptation is not uncom-
mon for pathogens (486), it is plausible that genomic deletions
are responsible for the observed differences in host range
among members of the M. tuberculosis complex. Genomic
analyses have consistently described M. bovis as the furthest
derived M. tuberculosis complex member (41, 305). Moreover,
based on the deleted regions within the genomes of M. bovis
and M. tuberculosis-like organisms, it has been possible to
obtain insights into the evolutionary development of the M.
tuberculosis complex (Fig. 7) (305).

Genomics of M. leprae

The genome of M. leprae is the smallest sequenced among
mycobacteria (Table 1). Its coding capacity is restricted to only
49.5% of its genome, while recognizable pseudogenes occupy
27% (85). The pseudogenes appear to have lost their function
as a result of one or more mutations, including in-frame stop
codons, frameshifts, deletions, and insertions.
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FIG. 7. Phylogeny of the M. tuberculosis complex, based on deleted regions as indicated by genomic analysis. Clustered along the vertical axis
are organisms for which one or more genomic deletions specific for this evolutionary branch have been observed. The functions of the genes
comprising the deleted regions are provided. (Modified from reference 305 with permission.)

Pseudogenes appear to be randomly distributed within the
M. leprae genome, whereas the identified 1,605 functional
genes are in clusters surrounded by long noncoding regions.
The process of gene deletion and decay is accompanied by a
reduction in the percent G+C content: M. leprae has the lowest
G+C content of all mycobacteria. The G+C content of the
intact genes (60.1%) is higher than that of the pseudogenes
(56.5%), which in turn is higher than that of intergenic regions
(54.5%). These findings indicate that the high G+C content of
M. leprae, and more generally those of the other mycobacteria,
is due to codon preference of the protein-specifying DNA
regions. Deamination of cytosine residues in the DNA to thy-
midine may account for the trend of decaying genomes to-
wards lower G+C content. It is generally true that bacterial
genomes that have undergone massive gene decay are richer in
adenine and thymine (420). Assuming that the genome of M.
leprae was once topologically equivalent and similar in size to
those of other mycobacteria (e.g., around 4.4 Mb), then exten-
sive downsizing and rearrangement must have occurred during
evolution of this species. Such reductive evolution is most
probably associated with the obligate intracellular habitat of
M. leprae: reductive evolution has been documented in several
obligate intracellular pathogens and in some endosymbionts
(see the introduction). It is thought that genes become inacti-
vated once their functions are no longer required in highly
specialized niches. This process may have naturally defined the
minimal gene set for a pathogenic mycobacterium. Until the
genome sequence of M. leprae became available, the most
extensive genome degradation reported in a pathogen was in
Rickettsia prowazekii, which causes the typhus Brill’s disease. In
this organism, only 76% of the potential coding capacity is used
(9). However, compared to that in M. leprae, the level of gene

loss in R. prowazekii is modest. It is remarkable that elimina-
tion of pseudogenes by deletion lags far behind gene inactiva-
tion in both pathogens, in contrast to what has been found in
the aphid endosymbionts Buchnera spp. (394). The mechanism
driving pseudogene formation in M. leprae is unknown, al-
though the loss of dnaQ-mediated proofreading activities of
DNA polymerase III must have contributed to this (85). Fur-
thermore, genome analyses revealed convincing cases of large-
scale rearrangements and deletions that would have arisen
from homologous recombination events. For example, 2% of
the M. leprae genome is composed of repetitive DNA that is
believed to have promoted such DNA rearrangements (85).
Notably, comparative genome analysis of M. leprae and M.
tuberculosis produced 65 DNA regions that indicated synteny.
Breaks in synteny generally correspond to dispersed repeats,
tRNAs, or gene-poor regions (85). Copies of all four principal
repeats, RLEP (37 copies), REPLEP (15 copies), LEPREP (8
copies), and LEPRPT (5 copies), occur at the junctions of
discontinuity, suggesting that the mosaic arrangement of the
M. leprae genome reflects multiple recombination events be-
tween related repetitive sequences. Notably, although there is
very little similarity to known transposable elements, RLEPs
occur mainly at the 3’ ends of genes and in several cases within
pseudogenes, suggesting that this element was once capable of
transposition.

The organism with which M. leprae could possibly exchange
DNA is its human (or another ancestral mammalian) host.
Interestingly, and in contrast to all other analyzed mycobacte-
ria, the domain structure of M. leprae prolyl-tRNA synthetase
is eukaryotic-like, and the corresponding M. leprae proS gene is
both displaced and inverted with respect to the M. tuberculosis
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genome, consistent with a recent acquisition through HGT
(85).

Other mobile agents of HGT are prophages. M. leprae pos-
sesses just three prophage-like genes, all with M. tuberculosis
orthologs (57), whereas the M. tuberculosis complex contains
two prophage-like elements (see above). M. leprae has dis-
carded genes that can be compensated for by the assumption
of a host-dependent parasitic lifestyle, while preserving or ac-
quiring genes required for host transmission, establishment,
and survival. The availability of multiple mycobacterial ge-
nome sequences has allowed the genetic dissection of con-
served and dissimilar pathways, such as those for lipolysis and
those sustaining pathogenesis.

As in M. tuberculosis, the largest protein family in M. leprae
represents enzymes involved in polyketide synthesis and fatty
acid metabolism. However, this enzyme repertoire is much less
extensive than that found in M. tuberculosis, which possesses a
cell envelope displaying a greater diversity of lipids, glycolipids,
and carbohydrates (101). The M. leprae genome encodes only
12 members belonging to the PE or PPE family, all of which
lack the C-terminal repetitions that are implicated in antigenic
variation (38, 402). Entire metabolic pathways together with
their regulatory circuits and accessory functions appear to have
been eliminated, particularly those involved in catabolism.
Even though intracellular mycobacteria are thought to derive
much of their energy from the degradation of host-derived
lipids (85), M. leprae possesses just two lipase-encoding genes,
of which lipG clusters with mmaA genes and might, therefore,
affect fatty acid reshuffling (85). This is in contrast to the 22 lip
genes of M. tuberculosis, which also possesses a much higher
number of fatty acid degradation pathways.

Recently, the genome variability of M. leprae was analyzed
(83). The carbon source utilization systems that were lost from
the M. leprae genome seem to specifically relate to acetate and
galactose metabolism. This implies that M. leprae can grow
only on a very restricted or even specialized combination of
carbon sources. Moreover, presumed deletions have caused
the loss of many crucial metabolic activities, including sid-
erophore production, part of the oxidative as well as most of
the microaerophilic and anaerobic respiratory chains, and sev-
eral catabolic systems and their regulatory circuits.

A DNA microarray-based approach with seven M. leprae
strains from different geographical areas (299) provided fur-
ther information regarding gene loss and also revealed rare
SNPs between various M. leprae isolates. Such data have pro-
vided clues for general evolutionary drift of M. leprae and could
correlate the spread of leprosy with an associated M. leprae

genotype(s).

Genomics of M. avium subsp. paratuberculosis

M. avium subsp. paratuberculosis is an extremely slow-grow-
ing, acid-fast, mycobactin-dependent multispecies pathogen
that causes Johne’s disease, a chronic granulomatous enteritis
in cattle and other wild and domestic ruminants (171). The
K-10 strain has a circular 4.8-Mb chromosome with 69.3%
G+C (Table 1) (271). About 1.5% of the K-10 genome is
repetitive DNA, such as ISs, multigene families, and dupli-
cated housekeeping genes.

The most obvious physiological difference between M. avium
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subsp. paratuberculosis K-10 and other mycobacteria is the
inability of K-10 to produce the iron siderophore mycobactin in
laboratory culture. The biosynthetic gene cluster for mycobac-
tin, a cluster of 10 genes (mbtA to -J), is present in the K-10
genome, but the first gene of the operon (mbtA) appears to be
truncated, which would predictably impair mycobactin synthe-
sis at its inception and potentially explains the strict depen-
dence of M. avium subsp. paratuberculosis on this siderophore
for in vitro growth.

Genes encoding members of the PE/PPE family comprise
just 1% of the K-10 genome, as opposed to ~10% in the
genomes of the M. tuberculosis complex (see above). This ob-
servation suggests that antimicrobial agents and vaccines di-
rected against members of the PE/PPE protein family should
be more effective in M. avium subsp. paratuberculosis than in
M. tuberculosis (271).

Many mycobacteria are facultative pathogens and produce
specific proteins to allow survival inside the host’s macro-
phages. Emphasis has therefore been placed on identifying
virulence genes that are important for entry and persistence in
the host (169). In M. tuberculosis and Nocardia farcinica, one
such gene, the mammalian cell entry (mce) gene, has been
found to actively enhance macrophage survival of an E. coli
strain expressing it (13). The K-10 genome contains eight mce
homologs. However, mce is also present in apparently non-
pathogenic mycobacteria (e.g., M. smegmatis), so its presence
does not necessarily endow a microorganism with the ability to
cause disease. The study of its expression under specific con-
ditions will be useful to investigate the role of the mce gene(s)
in virulence (242).

Approximately 75% of the predicted K-10 proteome is ho-
mologous to that of M. tuberculosis (83), but 39 predicted
proteins appear to be unique to K-10 (271). These can be used
to develop sensitive molecular and immunoassay-based diag-
nostic detection tests (17). Bioinformatic analysis identified
185 di- and trinucleotide repeat sequences dispersed through-
out the K-10 genome, of which 78 are perfect repeats (6).
Sequence analysis of these loci in different M. avium subsp.
paratuberculosis isolates from different host species as well as
geographic locations identified a subset of polymorphic short
sequence repeats, which have been used to develop a highly
discriminatory typing technique (145).

Extrachromosomal DNA Elements in Mycobacterium

Most of the mycobacterial plasmids used for gene cloning
and manipulation are based on the low-copy-number M. for-
tuitum plasmid pALS000. Other sequenced mycobacterial plas-
mids, such as pMSC262 from M. scrofulaceum (349), pLR7
from M. avium (23), pVT2 from M. avium (229), pCLP from
M. celatum (257), and pJAZ38 from M. fortuitum (142), have
been assigned to one family, the pMSC262 family (229).
Among these, pCLP is linear (257). Linear plasmids have also
been found in M. xenopi and M. branderi (343). A large DNA
region of pCLP has high sequence identity with a region in the
genome of M. tuberculosis H37Rv that is located near ISs and
contains a transposase-encoding gene (153). Recently, an in
vivo transposition system was used to rescue a relatively rare
circular DNA species, a cryptic plasmid named pVT2, from M.
avium MD22 (229). Remarkably, pVT2 contains a large ORF
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encoding a protein with significant amino acid similarity to the
DNA relaxases of conjugative plasmids, which introduce the
specific nick at oriT to facilitate the unwinding of plasmid DNA
needed to initiate DNA transfer (252).

Plasmids also mediate virulence in some mycobacteria. For
example, the 174-kb plasmid pMUMO01 from M. ulcerans con-
tains a cluster of genes encoding very large polyketide syn-
thases and polyketide-modifying enzymes, which are necessary
for mycolactone synthesis (411). Mycolactone is a macrolide
with cytotoxic, analgesic, and immunosuppressive activities and
thus plays a key role in pathogenesis (144).

GENOMICS OF NOCARDIA
General Features

Nocardia spp. are filamentous soil saprophytes but also in-
clude pathogenic agents that cause nocardiosis in humans and
animals in the lung, central nervous system, brain, and skin
(42), while another species, N. asteroides, is suspected to con-
tribute to Parkinson’s disease (189). Moreover, Nocardia spe-
cies can produce industrially important bioactive molecules
such as antibiotics and enzymes (78, 393, 422).

The only fully sequenced nocardial genome, that of Nocardia
farcinica IFM10152, comprises a circular chromosome of 6,021
kb (Table 1) (198). The 5,674 putative CDSs include many
candidate genes for virulence and multidrug resistance as well
as secondary metabolism (198).

A codon usage-based computational approach identified 571
putatively highly expressed genes, including some involved in
primary metabolism (housekeeping functions) and 25 genes
that may be involved in virulence and survival in host cells
(487).

Nocardia Comparative Genome Analysis

Consistent with broader phylogenetic analysis, the genomes
of M. tuberculosis and Corynebacterium glutamicum bear the
closest relationship to that of N. farcinica. Large and frequent
inversions have occurred within these genomes, as is obvious
from the broken X pattern generated by dot plot analyses. The
N. farcinica genome content reflects specific adaptations to
accommodate growth in both soil environments and animal
tissues (198). In the N. farcinica genome, 36% of the complete
gene content belongs to 552 paralogous families. A large para-
nome set is a common feature of large bacterial genomes.
Paralogous gene families found in N. farcinica include those
coding for ABC transporters, two-component system proteins,
extracytoplasmatic function o factors, mammalian cell entry
family proteins, fibronectin-binding proteins, short-chain de-
hydrogenases, acyl-CoA hydratase/isomerase family proteins,
and lipase/esterase family proteins.

Extrachromosomal DNA Elements in Nocardia

Two circular plasmids, pNF1 (184 kb) and pNF2 (87 kb),
were identified in N. farcinica IFM10152. Many other indige-
nous circular plasmids, ranging from 8 kb to 50 kb, from No-
cardia spp. have been identified and sequenced (346). How-
ever, the mechanisms of plasmid replication, inheritance, and
host ranges have not yet received much attention. The two
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replication proteins (RepA and RepB) found in most small
plasmids of Nocardia, as well as those of the closely related
Rhodococcus, resemble replication proteins of the theta-type
replicating Mycobacterium plasmid pAL5000 (111, 177, 241).
The replication protein of Nocardia plasmid pNI100 (308a)
resembles the rolling-circle replication proteins encoded by the
Streptomyces plasmids pIJ101 and pSGS5 (238, 277).

N. farcinica Genome and Biological Lifestyle

As mentioned above, N. farcinica can grow in human as well
as soil niches. Thus, a survey of the N. farcinica genome re-
vealed many genes predicted to specify virulence factors.
Among these were six so-called mce operons resembling my-
cobacterial virulence operons (see below) (1). Other candidate
virulence genes include those encoding adherence factors sim-
ilar to mycobacterial invasion proteins (248) and a heparin-
binding hemagglutin protein, all of which are expected to play
a role in extrapulmonary dissemination. Like many pathogens
of mammalian tissue, N. farcinica has a suspected siderophore
biosynthetic cluster similar to that responsible for mycobactin
production (198), encompassing genes for two polyketide syn-
thases, three nonribosomal peptide synthetases, two lysine
modification proteins, and a mycobactin receptor protein.

Another genetic trait that may aid in pathogenic activities is
provided by the determinants of a significant number of en-
zymes (i.e., four catalases, two superoxide dismutases, and an
alkylhydroperoxidase) that may protect N. farcinica cells
against reactive oxygen species produced by phagocytes. This
suggests that Nocardia may also survive under low-oxygen con-
ditions such as in stimulated macrophages (469).

The ecological fitness and virulence of Nocardia may also be
linked to the presence of drug resistance genes. Notably, N.
farcinica has two genes for the B subunit of RNA polymerase;
one encodes a protein, RpoBl1, that is sensitive to rifampin,
while the second specifies RpoB2, which contains amino acid
substitutions at positions expected to confer rifampin resis-
tance (391). Moreover, specific drug resistance genes, such as
the one that specifies resistance to aminoglycosides (kanamy-
cin, gentamicin, and streptomycin), are also present. It is not
known how and why N. farcinica evolved to contain so many
drug resistance genes apparently without needing to resort to
HGT; perhaps gene duplication events were instrumental in
the emergence of drug resistance, as appears to be the case for
the rpoB gene.

GENOMICS OF CORYNEBACTERIUM
General Features

The genus Corynebacterium was originally delineated in 1896
to accommodate primarily pathogenic species that showed
morphological similarity to the diphtheroid bacillus (18). Con-
sequently, the genus comprised, for several decades, an ex-
tremely diverse collection of morphologically similar gram-
positive microorganisms, including nonpathogenic soil bacteria
(89). More recently, chemotaxonomic studies and 16S rRNA
gene sequence analysis defined the borderline of the genus
Corynebacterium, clearly demonstrating that the species as-
signed to this genus form a monophyletic group (335), even



VoL. 71, 2007

though they exhibit considerable heterogeneity (for instance in
mycolic acid content and in DNA base composition, which
ranges from 46 to 74% G+C) (134).

Currently, there are almost 70 recognized Corynebacterium
species, including many new species isolated from human clin-
ical samples (328, 368), wild animals (90, 123), saline soil (71),
or the surface of smear-ripened cheese (39). Four corynebac-
terial genomes have been completely sequenced and published
so far, representing two species of biotechnological relevance
and two important human pathogens. Some prominent fea-
tures of these species are briefly summarized below.

(i) C. glutamicum is widely used in the industrial produc-
tion of amino acids, especially L-glutamic acid and L-lysine,
which are important in human and animal nutrition, respec-
tively (267). Both L-glutamic acid and L-lysine are produced
on a large scale by genetically modified high-performance
strains of C. glutamicum. Natural habitats of C. glutamicum
include soil contaminated with bird feces, sewage, manure,
vegetables, and fruits (272). The sequenced type strain
(ATCC 13032), which originated from a soil sample from
the Ueno Zoo in Tokyo, Japan, is a natural producer of
L-glutamic acid (228, 439).

(ii) Three strains of C. efficiens (formerly “C. thermoamino-
genes”) were validly published as corynebacterial species in
2002 (132). They were originally obtained from onion bulbs
and soil samples during a systematic search for new glutamic
acid-producing bacteria that can grow at a higher temperature
than C. glutamicum; such strains might reduce the need for
cooling during fermentation (132). C. efficiens has 95.3% 16S
rRNA gene sequence identity with its closest relative, C. glu-
tamicum. The sequenced type strain of the species (YS-314)
was isolated from soil samples collected in Kanagawa, Japan
(132).

(iii) C. diphtheriae is a strictly human-adapted species and
the causative agent of diphtheria (168). The disease is gener-
ally caused by exotoxin-producing C. diphtheriae strains and is
characterized by local growth of the bacterium in the pharynx
with pseudomembrane formation. Diphtheria toxin, the major
virulence factor of C. diphtheriae, is a typical AB toxin that
inhibits protein synthesis and kills susceptible host cells (181).
The toxin structural gene (fox) is carried by some closely re-
lated corynephages and is therefore produced only by C. diph-
therige strains that harbor fox™ prophages. The sequenced
strain (NCTC 13129) was isolated in 1997 from a pharyngeal
membrane of a diphtheria patient (60).

(iv) C. jeikeium (formerly “Corynebacterium group JK”) was
isolated from human blood and was associated with bacterial
endocarditis following cardiac surgery (200). C. jeikeium is part
of the normal human skin flora, particularly in the axillary,
inguinal, and rectal areas (98). It is implicated in a variety of
nosocomial infections, most frequently associated with immu-
nocompromised patients, and is typically multiresistant to clin-
ically relevant antibiotics, with the exception of glycopeptides
(135). Its growth depends on the addition of lipids to culture
media (135). The sequenced isolate (K411) was recovered
from the axilla of a bone marrow transplant patient who re-
ceived immunosuppressive therapy and broad-spectrum anti-
biotics (222).
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Corynebacterium Genome Architecture

The general features of available corynebacterial genome
sequences are summarized in Table 1. The first corynebacterial
genome to be published, that of C. glutamicum ATCC 13032,
was independently determined by two groups (195, 214), whose
results were slightly different. In particular, the smaller ge-
nome lacked a putative prophage island (CGP4) but contained
three additional ISs (213, 214). One of the additional ISs (of
the ISCgl type) disrupted groELI, whereas the additional
ISCg2 elements were located in distinct intergenic regions of
the chromosome (20). Highly active ISs and corynephages ap-
parently contribute to the rapid divergence of C. glutamicum
genomes.

The 3.3-Mbp wild-type C. glutamicum R chromosome con-
tains 2,990 predicted coding regions (details yet to be pub-
lished) (414, 463). Remarkably, C. glutamicum R has 11 strain-
specific islands (SSIs) larger than 10 kb that are absent from C.
glutamicum ATCC 13032 (416) (see below). Overall, the
ATCC 13032 and R strains have about 97% sequence identity.

The genome of the C. efficiens type strain YS-314 has a
3.1-Mbp circular chromosome with a 63.4% G+C content and
containing 2,950 predicted coding regions. C. diphtheriae
NCTC 13129 has a 2.4-Mb circular chromosome (53.5% G+C)
containing 2,320 predicted coding regions, of which 45 are
annotated as pseudogenes (60).

The 2.4-Mbp circular chromosome of C. jeikeium K411
(61.4% G+C) contains 2,104 predicted coding regions, of
which 68 are apparently pseudogenes (427).

The larger genomes of environmental corynebacteria pre-
sumably reflect the greater metabolic diversity that is necessary
in the changing environmental conditions of soil; fewer meta-
bolic functions may be required in the specialized ecological
niche of the corynebacterial pathogen. Reciprocal best-hit
BLAST analysis revealed that gene loss has played a major role
in the evolution of the C. diphtheriae genome (317).

GC skew profiles of the corynebacterial chromosomes (159,
278) indicate bidirectional replication from an origin of repli-
cation (oriC) close to the dnaA gene, though the GC skew plot
of C. efficiens is a bit ambiguous (316). Many bacterial chro-
mosomes tend toward an A+T enrichment near the replica-
tion terminus (105). This may reflect a higher proportion of
horizontally acquired DNA in this region or structural con-
straints associated with the resolution of chromosome dimers
at the end of replication (105). However, the skew of Rag
(RGNAGGGS) motifs is maintained in the C. diphtheriae
chromosome, even near the replication terminus (60). Rag
motifs are G-rich DNA elements whose skew strongly shifts
near the origin and the terminus of replication (278, 381). It
has been proposed that the polarized Rag motifs, in conjunc-
tion with a polarity-reading factor, most probably the septum-
anchored FtsK protein, are involved in preventing the capture
of the dif region by the septum and thus facilitate the resolu-
tion of a chromosome dimer by site-specific recombination
(278).

The C. jeikeium genome has 61 iap repeats (427). These
highly conserved 29-bp elements contain an imperfect inverted
repeat of 7 bp and form a tandem array with 32-bp spacers in
a small, low-G+C region that is flanked by a tRNAM*" gene at
the 5’ junction. The iap repeats are members of the short
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regularly spaced repeat family of repetitive sequences (297),
also referred to as the clustered regularly interspaced short
palindromic repeat (CRISPR) family (207). CRISPRs have
been implicated, for instance, in large-scale chromosome re-
arrangements and DNA condensation, but the mechanisms
involved in their spread are obscure (107, 337). Recently, a
new role has been proposed for CRISPRs, which includes
providing immunity against foreign genetic elements via a
mechanism based on RNA interference (19).

Corynebacterium Comparative Genome Analysis

Bidirectional best BLASTP match analysis (427) detected
1,089 genes that are considered orthologous in C. glutamicum,
C. efficiens, C. diphtheriae, and C. jeikeium and apparently
represent the conserved genetic backbone of the four species.
These genes make up 52% of all C. jeikeium K411 genes and
36% of the C. glutamicum ATCC 13032 gene complement. A
similar approach revealed 748 to 773 orthologous genes in
cross comparisons using the three corynebacteria together with
M. tuberculosis and Streptomyces coelicolor (when C. diphtheriae
was excluded, this number went up to 831 [317]), implying that
C. diphtheriae has lost many genes that were present in the
common ancestor of actinobacteria (317). A comparison be-
tween the gene distributions in corynebacterial genomes was
performed by classifying the predicted protein products into
major functional categories, according to the COG (clusters of
orthologous groups of proteins) protein classification scheme
(213). The numbers of proteins within each COG category are
generally higher in the environmental species than in the
pathogenic species, indicating that bacterial genome size and
gene content are largely dictated by environmental pressures
(235).

Using two minitransposons based on either the corynebac-
terial IS IS31831 (462) or the Ez::'Tn5 transposome complex,
2,332 C. glutamicum R genes were disrupted, representing
78.1% of the predicted coding regions (414). The average
number of hits per coding region was 3.45. Since each of the
selected transposon mutants survived on complex medium un-
der normal growth conditions, the disrupted genes are appar-
ently nonessential under these circumstances. The 658 undis-
rupted genes are therefore candidate essential genes. (Note,
however, that experimental strategies based on transposon mu-
tagenesis systems tend to overestimate this set of genes [147].
Blast comparison indicated that 251 C. glutamicum genes have
clear orthologs among known E. coli or B. subtilis essential
genes. Of these, 221 are among the candidate essential genes
of C. glutamicum R [414].)

Although members of the same bacterial genus usually share
highly parallel distributions of transporter families, the distri-
bution of transporter families in C. glutamicum, C. efficiens,
and C. diphtheriae is an exception. There are eight transporter
families specific to C. diphtheriae, while only one is specific for
C. glutamicum and three for C. efficiens. For those transporter
families with orthologs in C. glutamicum and C. efficiens, but
not in C. diphtheriae, orthologs were also identified in the
majority of actinobacteria. In contrast, transporter families
specific to C. diphtheriae tend to have either no apparent or-
thologs or only distantly related homologs in other sequenced
bacterial species, suggestive of horizontal gene acquisition
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CDS of corynebacteria

CDS of C. jeikeium K411

FIG. 8. Synteny plot comparing the order of homologous genes
(through their encoded proteins) in sequenced genomes of corynebac-
teria. The conservation between the C. jeikeium K411 genome and the
genomes of C. glutamicum ATCC 13032, C. efficiens YS-314, and C.
diphtheriae NCTC 13129 is shown by x-y plots of dots forming syntenic
regions between the corynebacterial genomes. Each dot represents a
CDS of C. jeikeium having a homolog in another genome, with coor-
dinates corresponding to the CDS number in each genome. Homologs
were identified by best BLASTP matches of amino acid sequences
deduced from the 2,104 CDSs of C. jeikeium K411 with proteins en-
coded by C. glutamicum (3,002 CDSs; red dots), C. efficiens (2,950
CDSs; green), and C. diphtheriae (2,320 CDSs; blue).

events (365). Phylogenetic analyses suggest that certain trans-
porter families in C. efficiens are missing because of specific
gene deletion occurrences (365).

Brune et al. (47) found genes for 127 DNA-binding tran-
scriptional regulators in C. glutamicum, 103 in C. efficiens, 63 in
C. diphtheriae, and only 55 in C. jeikeium, consistent with the
general observation that larger genomes require more complex
regulation of gene expression by an increased number of reg-
ulatory genes (59). The common set of 28 DNA-binding reg-
ulators in C. glutamicum, C. efficiens, C. diphtheriae, and C.
jeikeium consists of apparent regulators of cell division and
septation, SOS and stress responses, carbohydrate metabolism,
and macroelement and metal homeostasis (47).

The C. glutamicum, C. efficiens, and C. diphtheriae chromo-
somes are highly syntenous across their entire lengths (Fig. 8),
except for a large putative prophage region (genomic islands
CGP3 and CGP4) in C. glutamicum (195, 213, 214). The C.
jeikeium chromosome differs by 10 apparent breakpoints of
synteny (427). These breakpoints are suggestive of the inser-
tion of a DNA fragment that is flanked by clustered ISs, the
translocation of a small DNA region, and two distinct inversion
events. One breakpoint of synteny attributed to DNA inversion
was localized close to clustered ISs and copy A of the rRNA
operons. Since no clearly defined boundaries of the rearranged
DNA fragments could be deduced from the genome sequence,
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TABLE 3. General features of transposons detected in C. glutamicum and C. jeikeium
' CDS at:
Transposon T;?Zrésr()g;())n dugliiicrffit)rsln(ebp) (?ori:n(t: Left Right Prominent features of the central region Reference
end end

TnCg! 3,148 8 61.0 cg2756  ¢g2758 Cryptic; putative membrane protein of 214
unknown function

Tn3595 2,463 6 64.2 jk0815  jk0817 Putative glyoxylase/bleomycin resistance protein 427
and AraC-type transcriptional regulator

Tn3596 33,607 8 60.1 jk1767  jk1791 Siderophore biosynthesis genes and iron 427
acquisition system

Tn3597a 6,543 3 58.4 jko0o15  jk0021 NRAMP manganese uptake system MntHI, 427
Nudix hydrolase Utpl, and TetR-type
transcriptional regulator

Tn3597b 6,541 3 58.4 jk0621  jk0627 NRAMP manganese uptake system MntH2, 427
Nudix hydrolase Utp2, and TetR-type
transcriptional regulator

Tn3598 12,021 8 65.2 jk0360  jk0370 TetAB-type ABC transport system and 427
undecaprenyl pyrophosphate phosphatase
UppP2

Tn3599 3,749 6 59.1 Jk1402  jk1405 Chloramphenicol exporter (MFS type) 427

the actual molecular mechanisms responsible for the genome
rearrangement in C. jeikeium are unclear.

In contrast, extensive rearrangements have occurred in my-
cobacteria throughout their evolution, and the order of or-
thologous genes between corynebacteria and mycobacteria is
considerably disrupted (307). The absence of the recBCD
genes from corynebacteria may have suppressed genome shuf-
fling, leading to exceptionally stable genome structures in these
species (307): mutations of the recBCD genes of E. coli are
known to reduce the frequency of chromosomal inversions
(239). The different types of genome rearrangements detected
in C. jeikeium indicate, however, that a moderate level of
chromosomal reorganization can still occur in corynebacteria
by recBCD-independent routes. The apparent stability of
corynebacterial gene order indicates that speciation has in-
volved gene gain and gene loss, HGT, and nucleotide substi-
tutions rather than genome shuffling.

The 11 SSIs larger than 10 kb in the C. glutamicum R
genome mentioned earlier are located in the highly conserved
common backbone (416). The SSIs are loaded mainly with
transposable elements and genes of unknown function, al-
though several enzymes and proteins of a diverse functional
context are also encoded on the islands (415, 416). SSI-8 in-
cludes a gene region with deduced amino acid sequence sim-
ilarity to proteins of the lytic corynephage BFK20 from the
industrial amino acid producer “Brevibacterium flavum” (52).
By means of a precise genome excision method based on the
Cre/loxP recombination system, the 11 SSIs were individually
deleted from the C. glutamicum R genome (415, 416). All
resulting mutants exhibited normal growth under standard lab-
oratory conditions, indicating that a total of 250 kb (represent-
ing 7.5% of the R genome or 233 genes) was dispensable for
cell survival. Likewise, no obvious phenotypic changes resulted
for multiple deletions of SSIs, though no competition experi-
ments with the C. glutamicum R wild-type strain were con-
ducted (415, 416). Nevertheless, under the conditions tested
the SSIs appear to contribute only marginally, if at all, to
fitness.

The sequenced type strain C. glutamicum ATCC 13032 is
unusual among corynebacteria in lacking an S-layer (surface

protein) lattice (170). It lacks a 6-kb DNA region that includes
the cspB gene, encoding the S-layer protomer PS2, which is
present in all analyzed C. glutamicum wild-type strains capable
of S-layer formation. The S-layer gene region of the ATCC
14067 wild-type strain is flanked by a 7-bp direct repeat ele-
ment that is present only once in the ATCC 13032 genome,
suggesting that recombination between these elements has
been responsible for gene loss in the ATCC 13032 type strain
(170). The loss of the S-layer gene region might reflect a
mechanism for deactivating, under favorable culture condi-
tions, a superfluous surface structure that is expressed in con-
siderable amounts (up to 15% of the total protein content).

DNA Regions in C. glutamicum Acquired by HGT

A search of the C. glutamicum ATCC 13032 genome for
atypical GC islands (213, 214) revealed the 26.9-kb LCG1
island, whose 25 predicted coding regions had G+C contents
ranging from 41% to 50%. The 25 genes include mur4 and
murB, both involved in murein formation, and additional genes
that are predicted to be involved in surface polysaccharide
biosynthesis. The C. glutamicum genome contains additional
copies of the murAB genes (murA2 and murB2), with a more
typical G+C content. Another island, HGC1, of 20.6 kb, has a
69% G+C content. HGC1 is flanked on one side by a defective
copy of ISCg5, and on the other by the nonfunctional DNA
element ISCg79. The products of HGC1 genes include a pu-
tative cation-transporting P-type ATPase, a two-component
system, and a putative multicopper oxidase (213). Highly sim-
ilar DNA sequences (up to 99% identity) were localized on
SSI-3 of C. glutamicum R (416) and on plasmid pLEW279b
from Corynebacterium sp. strain L2-79-05 (477), suggesting the
recent plasmid-mediated HGT of the HGCI1 island to the C.
glutamicum chromosome. A highly similar DNA region in C.
diphtheriae also has an exceptionally high G+C content (213).

C. glutamicum ATCC 13032 has 24 different ISs belonging to
nine different families (214). Most of the ISs appear to have
functional copies in the genome, although 11 IS elements are
partially deleted and presumably are defective. The two avail-
able C. glutamicum ATCC 13032 genome sequences differ in
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FIG. 9. Genetic organization of transposons localized in the genome of C. jeikeium K411. The detected transposons are arranged according to
size. Predicted coding regions are shown as arrows. Different colors indicate transposase genes of ISs (blue), antibiotic resistance determinants
(red), genes potentially involved in protective functions against environmental stress (orange), predicted transcriptional regulators (green), and
genes involved in iron acquisition (magenta). Genes with other predicted functions are shown in yellow, and genes encoding hypothetical proteins

are depicted in gray.

the number of ISCg! and ISCg2 copies (214) (see above). The
ISs ISCgl5a and ISCgl5b are both members of the IS6 family.
They form terminal parts of the 3,148-bp cryptic, composite
transposon TnCg! (Table 3; Fig. 9), which encodes a putative
membrane protein of unknown function (214).

Prophage-Like Elements in the C. glutamicum Genome

Four putative prophage islands have been recognized in the
C. glutamicum ATCC 13032 genome, based on deviations in
base composition and the presence of phage integrase genes
(213, 495). Prophage island CGP1 (12.7 kb) is integrated at a
tRNA™" gene. Prophage island CGP2 (3.9 kb) is apparently a
highly degenerated prophage remnant. CGP3 (185.8 kb, 48.4%
G+C) is adjacent to a cluster of seven tRNA genes. The few
recognizable CGP3 functions include the cglIM, cglIR, and
cglIIR genes of the C. glutamicum stress-sensitive restriction-
modification system, which is the major barrier to efficient
gene transfer into this strain (382, 383). The cglIM-specified
S-cytosine methyltransferase apparently methylates the se-

quence GCSGC (206, 382, 383). Hybridization experiments
revealed that the cgl/ gene region is absent from other C. glu-
tamicum strains and closely related corynebacterial species
(383). The CGP3 island therefore contributes specifically to
the evolution of C. glutamicum ATCC 13032 by coupling the
efficiency of HGT to unfavorable environmental conditions.

The putative prophage island CGP4 represents one of the
major differences between the C. glutamicum ATCC 13032
genome sequences determined at Bielefeld University and
Kitasato University. The 23.5-kb CGP4 island is flanked by a
4.4-kb duplication (213). CGP4 is located within CGP3, indi-
cating that the 4.4-kb duplication is related to the integration
process. CGP3 is surrounded by an imperfect direct repeat
element of approximately 500 bp (213, 495).

DNA Acquired by HGT in the C. efficiens Genome

Four low-GC genomic islands of 32.3 to 70.5 kb were found
in the genome of C. efficiens. The largest, CEGI-1, is integrated
at a tRNAP"™ locus. It encodes various enzymes, including a
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DNA repair protein of the RecF pathway, aspartate kinase,
aspartate-semialdehyde dehydrogenase, and isopropylmalate
synthase. No further genes encoding these amino acid biosyn-
thesis enzymes are present in the C. efficiens genome. Aspar-
tate kinase catalyzes the first step of the lysine biosynthesis
pathway and is a key enzyme in the design of industrial lysine
producers (215, 323). The aspartate kinase of C. efficiens has a
lower thermal stability than the aspartate kinase of C. glutami-
cum, whereas other amino acid biosynthesis enzymes and en-
zymes of central metabolism have a higher thermal stability in
the heat-tolerant C. efficiens (316). Presumably, the adaptive
mutations necessary for thermal stability have not occurred
extensively due to the recent horizontal acquisition of CEGI-1.
Genomic island CEGI-2 contains genes that may be involved
in capsular polysaccharide biosynthesis, and CEGI-4 harbors
transposase genes and IS-related genes. Both genomic islands
are flanked at one end by ISs.

Genomic island CEGI-3 (40.4 kb) is flanked by a 26-bp
direct repeat element and encodes an integrase at the 5" junc-
tion (494). Seven of the 50 predicted genes of CEGI-3 encode
proteins similar to late proteins of the lytic bacteriophage
BFK20 (52). A high content of genes coding for hypothetical
proteins and the similarity to the genome of bacteriophage
BFK20 indicate that CEGI-3 is a likely prophage island.

Prophage-Like Element in the Genome of C. diphtheriae

The genome sequence of C. diphtheriae NCTC 13129 pro-
vided the first complete nucleotide sequence of a fox™* cory-
nephage (60). The 36.5-kb prophage genome has a G+C con-
tent of 52.2% and encodes 43 predicted proteins. Its closest
sequence matches at the amino acid level were with deduced
structural proteins of the lytic phage BFK20 of “Brevibacterium
flavum” (52). However, its genome organization resembles that
of phages infecting low-G+C gram-positive bacteria, and sev-
eral of its proteins show weak sequence similarities with these
phages (50). The prophage is integrated at a tRNA*" locus
(359). The tox gene, encoding diphtheria toxin, is situated at
the right end of the prophage genome, next to the attachment
site and within a region of low G+C content. The predicted
coding regions dip0180 and dip0181, both encoding toxin pro-
teins, were detected in a low-G+C region at the left end
between the integrase gene and the attachment site (60). The
specific location of tox, dip0180, and dip0181 in the prophage
genome, in conjunction with the deviating G+C content, led to
the hypothesis that these prophage genes actually represent
bacterial genes that were acquired from a previous host and
that they may be considered lysogenic conversion genes that
are not required for the phage life cycle but may affect the
phenotype or fitness of the lysogen (50).

The toxin is the major virulence factor of C. diphtheriae, so
the phage is pivotal in pathogenicity. Transcription of fox is
regulated by the host-encoded diphtheria toxin represssor
DtxR and becomes derepressed during iron depletion (181).
Iron-dependent regulators of the DtxR family have been de-
tected in many corynebacteria (326) and described as global
regulatory proteins in C. diphtheriae and C. glutamicum (48,
245). DtxR obviously links expression of the phage-encoded
tox gene with the control of iron homeostasis in the bacterial
cell, resulting in a complex host-pathogen-phage interaction.
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Iron limitation also enhances the interaction of C. diphtheriae
with erythrocytes and HEp-2 cells (303). Whether this appar-
ent effect on host-pathogen interaction is under transcriptional
control by the DtxR regulator remains to be investigated.

DNA Regions in the C. diphtheriae Genome
Acquired by HGT

In addition to the integrated tox™ corynephage, 12 genomic
regions with local anomalies in the nucleotide composition
were detected. Seven are flanked by tRNA genes, and none is
present in the C. glutamicum and C. efficiens genomes. Five
contain phage-related genes and may be prophage remnants.
Several pathogenicity-related functions are encoded in the
genomic islands, including a siderophore biosynthesis and ex-
port system and a potential lantibiotic biosynthesis system, as
well as three sortase-related fimbrial systems (60, 141, 417,
436). Each fimbrial gene cluster is composed of at least one
pilin-specific sortase gene (srt4 to -E) and three sortase-medi-
ated pilus assembly genes (spad to -I). Morphological and
genetic studies have clearly demonstrated that each pilus of C.
diphtheriae is composed of three pilin subunits and that the
pilus assembly process requires pilin-specific sortases (60, 141,
417, 435, 436). Thus, the genomic islands contribute substan-
tially to the structure of the cell surface.

DNA Regions in the C. jeikeium Genome Acquired by HGT

Five genomic islands, of 15.6 to 44.9 kb, have been found in
the C. jeikeium K411 chromosome (Table 4). The islands
JKGI-1 and JKGI-2 encode different types of restriction-mod-
ification systems, including an mrr-like restriction system as
well as type I and type II restriction-modification systems (31).
These islands may therefore prevent the expression or incor-
poration of incoming foreign DNA. Island JKGI-3 adds an
extra pathway for molybdenum cofactor synthesis to the C.
jeikeium genome. Islands JKGI-4 and JKGI-5 are separated
only by a small region encoding ribosomal proteins. Both is-
lands harbor genes for siderophore biosynthesis systems and
iron ABC transporters and are thus apparently involved in iron
uptake. Since iron homeostasis plays a critical role in the sur-
vival of a bacterial cell, genomic islands contributing to iron
supply can be regarded as potential pathogenicity islands.
However, the pathogenicity of C. jeikeium appears to be de-
termined by a variety of factors that are encoded throughout
the genome in small islets (427). Thus, clearly defined patho-
genicity islands seem to be absent, in contrast to the situation
described for C. diphtheriae (60). Interestingly, all genomic
islands of C. jeikeium are flanked on both sides by ISs, which
may have played a decisive role in integrating the islands into
the C. jeikeium genome (427).

The chromosome of C. jeikeium K411 contains 24 different
ISs (92 copies in all) of four different groups, the 1S256, IS3,
1S30, and 1S710 families. Of these, 68 ISs are complete, sug-
gesting that they can function in transposition, whereas 24 are
partially deleted or disrupted by other mobile elements. Some
ISs are integral parts of novel transposons that may play im-
portant roles in antibiotic resistance, iron homeostasis, or man-
ganese uptake (Table 3; Fig. 9). Tn3598 is a composite trans-
poson based on IS7249 and including the fetA-tetB gene pair
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TABLE 4. Genomic islands localized in the C. jeikeium chromosome

CDS at:

G_enomalc Size (kb) No. of % G+C Prominent features Reference
island Left end Right end genes content

JKGI-1 Jk0522 Jk0530 15.6 9 54.9 Type II DNA restriction-modification system; 427
1S3510 at 5’ junction and IS3571 and tRNA"™
at 3’ junction

JKGI-2 Jk1226 Jk1264 44.9 39 55.2 Type I and type II DNA restriction-modification 427
systems, mirr-like restriction system; IS3503 at 5’
junction and 1S3523 and tRNA"™ at 3’ junction

JKGI-3 Jk1579 Jk1602 243 24 55.8 Molybdate ABC-type transport system and 427
molybdenum cofactor biosynthesis genes; I1S3506
at 5" junction and 1S3579 and tRNAM®! at 3’
junction

JKGI-4* Jk1767 Jk1791 33.6 25 60.1 Siderophore biosynthesis genes and iron ABC-type 427
transport system; 1S3503 at 5’ junction and
1S3503 at 3’ junction

JKGI-5 Jk1803 Jk1823 30.7 21 60.3 Siderophore biosynthesis genes and iron ABC-type 427

transport systems; IS3515 at 5" junction and
1S3517 at 3’ junction

¢ Genomic island JKGI-4 is a defective composite transposon named Tn3596 (Table 3).

known to mediate tetracycline resistance in corynebacteria
(428). The TetAB proteins are representative of a new group
of tetracycline resistance determinants that use ATP rather
than the proton gradient as an energy source (73). Tn3598 also
contains the uppP2 gene, encoding an undecaprenyl pyrophos-
phate phosphatase that may confer bacitracin resistance upon
overexpression. Tn3599 carries the cmx gene, coding for a
membrane protein of the major facilitator superfamily that
confers chloramphenicol resistance (428). Furthermore, the
2.5-kb transposon Tn3595 encodes a protein of the glyoxylase/
bleomycin resistance protein family.

Tn3596, at 33.6 kb, is the largest composite transposon in C.
jeikeium. It encodes a nonribosomal peptide synthase and sev-
eral other proteins apparently involved in siderophore biosyn-
thesis, as well as a potential iron ABC transport system (427).
Both transposase genes were disrupted by subsequent trans-
position events, suggesting that Tn3596 has lost the capability
for autonomous transposition.

The composite transposons Tn3597a and Tn3597b differ
only in the inversion of one copy of the IS. These transposons
contain mntH genes that encode proteins of the Nramp (nat-
ural resistance-associated macrophage protein) family in-
volved in manganese uptake. Tn3597a and Tn3597b also in-

clude utp genes encoding Nudix (nucleoside diphosphatases
linked to some other moiety x) proteins, functioning in the
hydrolysis of UTP and 5-methyl-UTP. The clustering of Nramp
and Nudix genes suggested a common functional context of
these genes in the overall defense against reactive oxygen spe-
cies. Nramp proteins may help to protect the cell against re-
active oxygen species by providing manganese for detoxifica-
tion enzymes (205), whereas the Nudix hydrolases may act as
surveillance system by hydrolyzing toxic or deleterious com-
pounds possibly arising through DNA damage (30, 427, 488).

Extrachromosomal DNA Elements

The genetic characteristics of plasmids pEC2 and pEC3 of
C. efficiens and pPKW4 of C. jeikeium are summarized in Table
5. The replicases of pEC2, pEC3, and pKW4 have a number of
features resembling those of the C. diphtheriae plasmid pNG2,
including the RepA replication protein, indicating that they
replicate by the rolling-circle mechanism (423-426, 429, 430,
496). Plasmids of this family have been found only in coryne-
bacteria, except for pAP2 from Arcanobacterium pyogenes
(212), but may, like pNG2, have a broad host range (212,
351, 390).

TABLE 5. General features of corynebacterial plasmids sequenced in the course of genome projects

.. Plasmid Coding . L
Corynebacterium Plasmid size % G+C No. of density Plasrpld Rephcatclon Prominent features Reference Reference
name (bp) content  genes (%) family” mode sequence
C. efficiens YS-314 pEC2 23,743 54.4 15 73 pNG2 RCR Cryptic NC_004319 316
pEC3 48,672  56.4 41 73 pNG2 RCR mirr-like restriction system, NC_004320 316
genes involved in metal
transport and homeostasis
C. jeikeium K411 pKW4 14,323 53.8 16 71 pNG2» RCR bls gene cluster and aucA NC_003080 427

gene for bacteriocin
synthesis

“ The plasmid family designation is according to the recently published classification scheme for corynebacterial plasmids (423).
b Plasmid pKW4 codes for a second replication initiator protein (RepW) with a motif typical of the pCRY4 plasmid family (429).

¢ RCR, rolling-circle replication.
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The pEC2 plasmid of C. efficiens YS-314 is apparently a
natural hybrid of two pNG2-like plasmids, since it contains two
typical repA genes (CEP005 and CEP013). The fusion of rep-
licons in corynebacteria is often mediated by ISs, as in the
multiresistance mosaic plasmid pTP10 of Corynebacterium stri-
atum M82B (428). pEC3 is also littered with ISs, particularly at
the junctions of distinct functional segments. pEC3 encodes an
mir-like restriction system, two metallo-regulatory transcrip-
tional repressors of the ArsR family, and possible copper re-
sistance cation-transporting ATPases. pEC3 may therefore
play a role in metal resistance and metal homeostasis (54).

The C. jeikeium K411 low-G+C plasmid pKW4 (427) is the
prototype of a plasmid family implicated in the synthesis of a
narrow-spectrum bacteriocin-like substance (BLS) (221, 222).
The BLS is most likely encoded by the bls gene cluster (222).
pKW4 also has a gene, aucA, encoding an additional BLS-like
compound resembling aureocin A53 from Staphylococcus au-
reus (312). The latter BLS is active against staphylococci, in-
cluding clinically significant S. aureus strains (311). Interest-
ingly, the bacterial flora of the axillary region of the human
skin is dominated by either Staphylococcus species or a dense
population of corynebacteria (309, 369).

A recent sequencing study of 17 plasmids in the size range
from 7.6 to 14.9 kb among 62 C. jeikeium isolates from different
clinical settings placed all these plasmids in the pNG2 family
(425). Other C. jeikeium plasmids have been documented, but
no detailed genetic characterization was carried out (221-223,
344, 478).

The sequenced C. glutamicum strain (ATCC 13032) lacks
plasmids, but systematic screening of C. glutamicum isolates
has detected 24 different plasmids ranging in size from 2.4 to
95 kb (for reviews, see references 423 and 429). Most of the
plasmids are cryptic, but four harbor resistance determinants
against chloramphenicol, tetracycline, streptomycin, spectino-
mycin, and sulfonamides. HGT by plasmids is apparently the
main source of antimicrobial resistance determinants in this
species (423). Likewise, plasmid screening studies of C. diph-
theriae revealed a number of plasmids, most of which were
similar to pNG2, which harbors the erythromycin resistance
gene erm(X) (385, 386, 424).

Corynebacterial Genomes and Biological Lifestyle

Adherence to pharyngeal epithelial cells by C. diphtheriae. C.
diphtheriae usually localizes in the upper respiratory tracts of
humans and can cause local infections by ulcerating the mu-
cosa and inducing the formation of inflammatory pseudomem-
brane (168). In addition, the release of the major virulence
factor, diphtheria toxin, results in systemic intoxications, de-
stroying the parenchyma of heart, liver, kidneys, and adrenal
glands. Adherence to the host tissues plays a crucial role in
extracellular mucosal pathogenesis and in the establishment of
C. diphtheriae infections (286, 303). The minor pilins SpaB and
SpaC of the SpaA-type pilus, but not the SpaA pilus fiber itself,
act as adhesins to pharyngeal epithelial cells (284). The SpaA-
type pilus is encoded on a pathogenicity island of C. diphtheriae
NCTC 13129 that is characterized by local anomalies in the
nucleotide composition (60, 435). The minor pilins are com-
ponents of both the SpaA-type pilus and the cell wall of C.
diphtheriae, thereby probably allowing both secure distant con-
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tact of piliated bacteria and intimate attachment onto pharyn-
geal epithelial cells (284). The tight intimate contact facilitates
the delivery of diphtheria toxin to the host cell, creating a safe
niche for the adherent bacteria after damaging the host cell
through the inhibition of protein synthesis. Fimbria-mediated
adhesion of C. diphtheriae might be enhanced by neuramini-
dase and frans-sialidase activities, unmasking receptors on the
host cell surface (60, 286).

Adaptation to amino acid production by C. glutamicum and
C. efficiens. A comparative genomics study suggested that the
common ancestor of corynebacteria already possessed almost
all of the genes relevant for amino acid production. Thus, the
evolutionary events of gene duplication, gene loss, and HGT
must have been responsible for the functional differentiation in
amino acid biosynthesis capabilities of environmental and
pathogenic corynebacteria (317). In particular, differences be-
tween amino acid biosynthesis pathways of C. efficiens and C.
glutamicum were detected by phylogenetic analysis, using
amino acid biosynthesis-related genes. This set of genes in-
cluded #rpB (encoding the B chain of tryptophan synthase),
ilvD (dihydroxy-acid dehydratase), aroQ (3-dehydroquinate
dehydratase), glnA (glutamine synthetase I), and ocd (orni-
thine cyclodeaminase). Evaluation of the topologies of phylo-
genetic trees for the paralogous genes provided insights into
the different evolutionary events that occurred in corynebac-
teria (317). The results suggest that duplication of #pB took
place in the common ancestor of the corynebacteria and that
gene loss was responsible for the single copy of this gene in C.
glutamicum. Likewise, the additional ilvD gene of C. efficiens
was acquired by ancient gene duplication rather than by HGT.

Adaptation to elevated temperatures by C. efficiens. The 10%
higher G+C content of C. efficiens compared with C. glutami-
cum may be due to the absence of a mutT gene, which affects
the frequency of AT-to-GC transversions (97, 307). The 10
most frequently used codons in C. efficiens all have G or C in
the third position, whereas none of 10 rarely used codons
contains G or C in the third position. Furthermore, a compar-
ison between orthologous proteins of C. efficiens and C. glu-
tamicum revealed a tremendous bias in amino acid substitu-
tions in C. efficiens, particularly towards arginine and glycine
(317). The analysis of amino acid substitutions in 13 pairs of
orthologous glutamate or lysine biosynthetic enzymes in C.
glutamicum and C. efficiens revealed that three substitutions,
lysine to arginine, serine to alanine, and serine to threonine,
are important for thermostability (316). Thus, C. efficiens
seems to have acquired thermostability through the accumu-
lation of specific amino acid substitutions, which, in part, cor-
relate with increased G+C content (316).

Adaptation to the lipophilic lifestyle by C. jeikeium. The
strict requirement of C. jeikeium for exogenous fatty acids
(135) originates from the lack of a type I fatty acid synthase
gene (423, 429). C. jeikeium possesses several fad genes encod-
ing a complete B-oxidation pathway, which is absent from the
three other available corynebacterial genomes. Furthermore, a
fadH gene, encoding 2,4-dienoyl-CoA reductase, is apparently
involved in the utilization of unsaturated fatty acids whose
double bond extends from an even-numbered carbon atom
(423, 429). C. jeikeium can utilize very few sugars as carbon and
energy sources and so may depend largely on exogenous fatty
acids (200). Fatty acids also provide building blocks for the



522 VENTURA ET AL.

synthesis of corynomycolic acids, which are major constituents
of the cell envelopes of most corynebacterial species, including
C. jeikeium (200).

The lipophilic phenotype of C. jeikeium may be related to its
preference for the axillary, inguinal, and perineal areas of
human skin (98), which are moist areas characterized by hy-
drolipid films composed of triglycerides, fatty acids, ceramides,
cholesterol, and cholesterol esters (409, 427).

It is likely that some of the predicted virulence factors of C.
jeikeium act to release additional exogenous fatty acids by
damaging the plasma membrane of host cells. Such factors
include a putative alkaline ceramidase with homology to a
cholesterol esterase enzyme from Pseudomonas aeruginosa
(314). This enzyme apparently catalyzes the hydrolysis of long-
chain fatty acid esters from cholesterol and may thus be in-
volved in fatty acid metabolism (315). Other virulence factors
include an acid phosphatase with similarity to the AcpA pro-
tein of Francisella tularensis (364).

GENOMICS OF LEIFSONIA
General Features

The genus Leifsonia was created by Evtushenko et al. (120)
to accommodate gram-positive, non-spore-forming, irregular
rod- or filament-shaped, motile, mesophilic, and catalase-pos-
itive bacteria containing DL-2,4-diaminobutyric acid in their
peptidoglycan layer. Currently, this genus includes seven spe-
cies that have been isolated from different ecological niches,
such as plants (L. poae, L. xyli subsp. xyli, and L. xyli subsp.
cynodontis), soil (L. naganoensis and L. shinshuensis), distilled
water (e.g., L. aquatica), and an Antarctic pond (L. rubra and
L. aurea) (208, 361, 413). Along with other plant pathogens
such as the gammaproteobacterium Xylella fastidiosa, L. xyli
subsp. xyli belongs to a unique group of xylem-limited and
fastidious bacterial pathogens and is the causative agent of the
ratoon stunting disease, the main sugarcane disease worldwide
(106, 347).

The genome of L. xyli subsp. xyli CTCBO07 has a single cir-
cular chromosome of 2.5 Mb (Table 1), of which 70.6% rep-
resents protein-coding capacity (300). Consistent with this is
the presence of pseudogenes in a number that is larger and
more frequent than in any other completely sequenced plant-
associated bacterium. Although pseudogenes are not as nu-
merous as in M. leprae (84) (see above), they occur more
frequently in L. xyli subsp. xyli CTCBO07 than in other acti-
nobacterial genome. Moreover, 3.5% of the genome is occu-
pied by IS elements, of five distinct IS families, and trans-
posases. A large number of presumed HGT-derived elements
are also found in another plant pathogen, X. fastidiosa (334).

Extrachromosomal DNA Elements in Leifsonia

The only known Leifsonia plasmid, pCXC100 (51 kb), has
been found in many strains of L. xyli subsp. cynodontis (269,
292, 431). Information on pCXCI100 is limited: the RepA-
encoding protein is homologous to that of the plasmids in the
mycobacterial pLR7 family, and a region associated with plas-
mid stability comprises par4, which is necessary for plasmid
resolution, and a gene encoding a hypothetical protein (269).
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DNA Regions Acquired by HGT in Leifsonia

The Leifsonia genome contains four likely horizontally
acquired DNA regions with deviant G+C contents, codon
biases, and dinucleotide signatures. These encompass candi-
date pathogenicity genes such as pectinase-encoding genes
flanked by transposable elements or polygalacturonases, which
in other plant pathogens such as Xanthomonas can degrade
pectin in plant cell walls, resulting in the maceration of host
tissues (91). One 50-kb region, containing a high number of
transposase-encoding genes, harbors a cel4 gene coding for a
cellulase similar to CelA of Clavibacter spp., where the gene is
a plasmid-borne virulence factor (202). This large DNA region
also harbors a gene coding for a member of the delta fatty acid
desaturase family. This protein could redirect the carotenoid
biosynthetic pathway identified in this strain (12) to the bio-
synthesis of the plant hormone abscissic acid (ABA) (21, 220).
ABA is a growth inhibitor of plant tissues, and the production
and secretion of ABA may thus contribute to the stunting seen
in plants infected with L. xyli subsp. xyli.

Prophage-Like Elements in Leifsonia

There are two prophage-like regions in the Leifsonia ge-
nome (300). The 33-kb LxxGII prophage appears to be in-
serted within a gene encoding a type IV secretion ATPase and
is flanked by a 15-bp direct repeat. The 37-kb LxxGI4 pro-
phage, which is bracketed by two 30-bp direct repeats, is inte-
grated into a glycine tRNA gene. Notably, LxxGI4 carries a
homolog of the plasmid-located pat-1 gene of C. michiganensis
subsp. michiganensis, which plays a decisive causal role in plant
wilting (115). Furthermore, the pat-1 gene is flanked at the 3’
end by a repetitive sequence whose presence appears to exac-
erbate the virulent phenotype (115). L. xyli subsp. xyli CTCB07
has a second pat-1 homolog, but only the copy present in
LxxGI4 seems to be functional. However, this pat-1 copy lacks
the repetitive sequence at the 3" end, perhaps explaining why
wilting is provoked only in very specific circumstances, i.e., in
particular sugarcane varieties and under severe drought con-
ditions.

L. xyli subsp. xyli Genome and Biological Lifestyle

Like other plant pathogens, L. xyli subsp. xyli CTCB07 has
the potential to encode products (superoxide dismutase, cata-
lase, iron dependent peroxidase, and alkyl hydroperoxide re-
ductase) that would enable it to resist the reactive oxygen
species synthesized as part of the host defense mechanisms.
The genome also contains an gene encoding arginase, which
converts arginine to urea and ornithine. Arginase may inhibit
the production of the antimicrobial nitric oxide by plants (150).
Interestingly, CTCB07 encodes a multidrug efflux pump simi-
lar to the AIbF system that allows self-protection of Xanthomo-
nas albilineans against the albicidin toxin, presumably aiding
survival in the complex ecosystem inhabited by the two organ-
isms.

L. xyli subsp. xyli CTCBO07 can use a range of sugars, includ-
ing arabinose, fructose, galactose, glycerol, glucose, lactose,
maltose, maltotriose, ribose, trehalose, and xylose, and it has a
PTS for the transport of fructose and mannitol. Its limited
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ecological range is also obvious from the loss of genes involved
in basic metabolism and synthesis of amino acids, including
genes involved in the synthesis of cysteine and methionine.

GENOMICS OF THE MYCELIAL ACTINOBACTERIA:
STREPTOMYCES, FRANKIA, AND THERMOBIFIDA

General Features

The many mycelial genera of actinobacteria include some of
the most complex of known bacteria (295). Unfortunately,
beyond taxonomic and phylogenetic analysis, most of these
have received very little attention from academic scientists,
and there are many conspicuous gaps in genome information.
Just three mycelial genera, Streptomyces, Thermobifida, and
Frankia, are represented in the genome databases, and here we
consider these together, because genomic comparisons have
revealed that their similar growth modes are congruent with
their genomic relatedness, as if the mycelial growth habit had
a common origin. Of the three genera, Streptomyces has re-
ceived particular attention, for three main reasons. (i) Strep-
tomycetes are extremely abundant and important in soil, where
they are major agents in the cycling of carbon trapped in
insoluble organic debris, especially from plants and fungi. They
achieve this by the production of many and diverse hydrolytic
exoenzymes. (ii) One strain, Streptomyces coelicolor A3(2), is a
major model organism, particularly for its developmental com-
plexity (see, e.g., reference 64). (iii) Streptomycetes are the
most abundant natural source of antibiotics and other bioac-
tive secondary metabolites and are therefore of great interest
for medicine and industry (186). The Streptomyces species
whose genome sequences are currently published or available
online represent a fairly wide phylogenetic spread: S. coelicolor
(the model streptomycete) and Streptomyces ambofaciens
(studied mainly for its remarkable genetic instability) are
closely related members of one of the two largest clusters, and
S. avermitilis (the industrial producer of avermectin) and S.
scabies (the agent of potato scab) are less closely related mem-
bers of the other. The two clusters shared their last common
ancestor probably about 220,000,000 years ago (A. C. Ward,
personal communication). No genomes have been sequenced
from a smaller, more remotely related cluster that includes the
genetically studied producer of oxytetracycline, Streptomyces
rimosus (340).

The genus Frankia has a special significance as the nitrogen-
fixing partner in a symbiosis with certain nonleguminous
plants, most notably of the genera Alnus, Casuarina, and Elae-
aginus, permitting these plants to grow well in nitrogen-poor
soils. The three main host range groups are phylogenetically
close to each other (their last common ancestor existed about
120,000,000 years ago), and representatives of all three have
been subjected to genome sequencing (319).

Thermobifida is moderately thermophilic, growing optimally
at 55°C and acting as a major degrader of plant cell walls in
heated organic materials such as compost heaps, rotting hay,
manure piles, or mushroom growth medium. It is a source of
heat-stable extracellular enzymes such as cellulases. Its spores
can be allergenic and cause a condition called farmer’s lung.

The literature on Streptomyces genomes is particularly ex-
tensive, whereas the Frankia and Thermobifida fusca genomes
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have been fully published only very recently, so this part of this
review is inevitably biased towards Streptomyces, with an em-
phasis on the model organism S. coelicolor A3(2).

Architecture of Mycelial Actinobacterial Genomes

Streptomyces chromosomes, at around 8 to 10 Mb, are very
large; for example, the chromosomes of the well-known free-
living unicellular bacteria E. coli K-12 and Bacillus subtilis 168
are about half as large, both in DNA content and in gene
numbers. Indeed, the S. coelicolor chromosome was the first
case in which a bacterium was shown to carry more genes (i.e.,
7,825) than the simple eukaryote Saccharomyces cerevisiae
(which contains 6,203 recognized genes) (26). The situation is
different for Frankia genomes: three have been sequenced,
representing each of the three major host range types, reveal-
ing surprisingly disparate sizes (9.04, 7.5, and 5.5 Mb) (319).
Large genomes are not always associated with mycelial growth;
for example the T. fusca chromosome is only 3.64 Mb (281).
Both Streptomyces and Frankia have particularly high GC con-
tents (around 72 to 73%), while the T. fusca genome contains
67.5% GC (Table 6).

Another remarkable feature of Streptomyces chromosomes is
their linearity (274), a feature that had not been apparent from
the extensive genetic linkage mapping of S. coelicolor (for
reviews, see references (185 and 464). Although linearity has
been demonstrated for the chromosomes of several different
mycelial actinobacteria, including species of Saccharopoly-
spora, Actinoplanes, Micromonospora, and Nocardia (61, 69,
362), the genomes of Frankia and T. fusca are circular, so
linearity is not closely associated with mycelial growth. Indeed,
the recently published chromosome sequence of the actinobac-
terial species Rhodococcus sp. strain RHA1, which is not my-
celial, is both very large (9.7 Mb) and linear, with telomeres
(i.e., chromosome ends) like those of streptomycetes (289).
Linear chromosomes have also been reported for a few other
bacteria, in which the details of the structures of telomeres,
and hence of replication, are different (464). The replication of
linear Streptomyces chromosomes and plasmids (70) is initiated
from a fairly centrally located replication origin rich in DnaA
box sequences and proceeds bidirectionally towards the telo-
meres (396). The telomeres themselves are replicated by a
mechanism that includes priming from a terminal protein co-
valently bound to the 5’ ends (70). The approximately 250 to
320 nucleotides at these ends possess a characteristic and com-
plex secondary structure. Linearity of the Streptomyces chro-
mosome is thought to have originated by single-crossover re-
combination between an initially circular chromosome and a
linear plasmid (67, 69, 464). There are several examples of
exchange of ends between chromosomes and linear plasmids,
to give hybrid molecules with different right and left ends. Most
commonly, though, both ends of linear plasmids or chromo-
somes are the same, giving recognizable terminal inverted re-
peats (TIRs) called TIR-L (at the conventional left end) and
TIR-R (at the other end). TIR lengths among available se-
quenced Streptomyces chromosomes cover a 1,000-fold range:
174 bp for S. avermitilis, 18,488 bp for S. scabies, 21,653 bp for
S. coelicolor M145, and approximately 198 kb for S. ambofa-
ciens. Even within one strain, the lengths of the chromosomal
TIRs can change through unequal recombination between
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TABLE 6. State of genomic sequencing of streptomycetes

Microorganism Accession no.

Main reference Comments

S. coelicolor [M145
derivative of A3(2)]

AL645882 (http://streptomyces.org.uk)

S. avermitilis ATCC
31267

S. venezuelae ATCC
10595
S. scabies ATCC49173  http://www.sanger.ac.uk/Projects/S_scabies/
S. peucetius ATCC
27952

S. ambofaciens ATCC
23877

AM238663 (left end), AM238664 (right end)

S. griseus IFO13350

BA000030 (http://avermitilis.Is.kitasato-u.ac.jp)

(26) 8.66 Mb, 72.1% GC, TIRs 21.7
kb, 7,826 genes, 146 (2%)
with TTA; plasmids SCP1
(linear, 365 kb) and SCP2
(circular, 31 kb)

9.02 Mb, 70.7% GC, TIRs 174
bp, 7,575 genes, 260 (3%)
with TTA; plasmid SAP1
(linear, 94 kb)

Sequence completed but not
publicly available

(194)

Diversa Corp., unpublished;
M. J. Bibb, personal
communication

R. Loria and S. D. Bentley,
personal communication

10.1 Mb, TIRs 18.5 kb

(331) 8.7 Mb; sequence completed but
not publicly available
(76) TIRs ca. 198 kb; complete

sequence of chromosome
ends (1,544 kb and 1,367 kb),
partial sequence of central
region

Sequence completed in 2006, to
be published

Y. Ohnishi and S. Horinouchi,
personal communication

ends (e.g., in S. ambofaciens [76]) or recombination within a
TIR, such as might occur between different copies of a trans-
posable element. An example of this in S. coelicolor resulted in
the loss of about 1 Mb from one of the TIRs present in the
parental A3(2) strain during the derivation of the plasmid-free
strain M 145 that was used as the source of DNA for genome
sequencing (Fig. 10) (470). This can complicate the interpre-
tation of experiments involving sequences present in the 1-Mb
sequence: for example, a sequence chosen to be close to, but
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FIG. 10. Loss of a large segment of duplicated DNA from S. coeli-
color A3(2). Strain M145, used for genome sequencing, is a prototro-
phic, plasmid-free derivative obtained from the wild-type strain A3(2).
After sequencing, it was discovered that A3(2) has much longer chro-
mosomal TIRs than M145, and it was deduced that the reduction in
length was probably because of homologous recombination between
copies of ORF SCO0020. Black areas, conserved central unique re-
gion; hatched areas, region duplicated in A3(2) but not M145; white
areas, extent of duplication in M145; dotted lines, genes omitted for
clarity.

not within, TIR-R in the sequenced M145 genome was used as
a hybridization probe specific for the right end of the chromo-
some in fluorescence in situ hybridization experiments (490),
but the sequence has subsequently turned out also to be
present at the left-hand end of the particular strain used for
this cytological work (J1508) (C. W. Chen, personal commu-
nication). The conclusion of Yang and Losick (490), that the
two chromosome ends are located close to each other at the
growth stages studied, is therefore questionable.

Comparative Genomics of Mycelial Actinobacterial Genomes

Whole-genome synteny plots show that there has been re-
markable conservation of the overall position and orientation
of common genes in the chromosomes of S. coelicolor and S.
avermitilis. The two chromosomes differ at the overall genome
scale by four inversion events, each arranged fairly symmetri-
cally around the centrally placed replication origin (194). Re-
cent near-complete sequence analysis of the genome of S.
ambofaciens, which is phylogenetically close to S. coelicolor,
has suggested that two of these inversions took place before
the divergence of S. coelicolor and S. ambofaciens, while the
other two are assumed to be more recent events (Fig. 11).
However, the fact that the inversion points correspond to spe-
cies-specific DNA makes unambiguous interpretation of such
data difficult and could mean that rearrangements are less
efficiently counterselected at these points than elsewhere (75).

Ikeda et al. (194) found that about two-thirds (5,283) of the
genes of S. coelicolor and S. avermitilis were conserved or-
thologs, as judged by reciprocal BLAST analysis. In a similar
analysis, using slightly more stringent parameters, we found
that 4,837 genes are orthologous between these two species (G.
Chandra and K. F. Chater, unpublished data). Similar com-
parisons can be made with other emerging genome sequences,
to more closely approach the “basic gene complement” of
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FIG. 11. Inversions in the lineage of Streptomyces and Thermobifida
fusca chromosomes. Dotted lines indicate the nonconserved ends of
linear Streptomyces chromosomes (the T. fusca chromosome is circu-
lar). The origin of replication is indicated by a shaded oval. Connected
arrows indicate inversion events deduced from overall synteny plots
between chromosomes (65, 75, 194, 442). The diagram should be taken
as an approximation of both the positions and frequencies of such
events. There is only one clear example of a substantial inversion event
that does not span the origin of replication (boldface arrows).

streptomycetes. Thus, when S. scabies is added into the equa-
tion, the number of genes conserved among the three species
falls to 4,190, and a four-way analysis, taking advantage of
privileged access to the unpublished sequence of S. venezuelae
(M. J. Bibb, personal communication), reduces the number
further to 3,566.

Normand et al. (319) obtained comparable results for the
three sequenced Frankia genomes: of the 4,499 genes in the
smallest of the three genomes, 2,810 were present in all three.

We also carried out wider reciprocal BLAST comparisons of
Streptomyces genomes with the genomes of E. coli and B. sub-
tilis, which shared 1,277 genes with each other in our analysis
(Chandra and Chater, unpublished data). Of those 1,277
genes, 638 were also shared among the four sequenced strep-
tomycetes (532 of the remainder were absent from all four
streptomycetes, while the other 107 were absent from one to
three of the four). Thus, only about 17% of the 3,566 genes
common to four Streptomyces genomes are also present in E.
coli and B. subtilis. Of the 1,277 genes common to E. coli and
B. subtilis, 727 are present in T. fusca and 661 in at least one
Frankia genome. Among these, 416 are present in all acti-
nobacterial genomes (Chandra and Chater, unpublished data).

Multiply represented metabolic genes. Probably reflecting
the complex morphological and physiological differentiation of
streptomycetes, their genomes contain several examples of ap-
parent redundancy of metabolic genes. The most studied in-
volves two nearly identical clusters (SCO5443 to -5440 and
SCO7335 to -7332) that contain genes encoding functions in-
volved in carbon storage transactions, with each cluster being
specific for different hyphal cell type (51, 387), but others
include gene sets for enzymes of the pentose phosphate path-
way (SCO1935 to -1939 and SCO6657 to -6663) and multiple
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fabH-like genes for the first step in fatty acid biosynthesis
(several of these are associated with secondary metabolism
gene sets).

Genes unexpectedly missing from mycelial Actinobacteria.
The determinants of two of the three subunits of exonuclease
V (the recB and recC genes) are notably absent from strepto-
mycetes, Frankia, and T. fusca, though they are present in
other actinobacteria such as mycobacteria.

The XerCD pathway for the resolution of circular chromo-
somes after replication is specifically absent from streptomy-
cetes, in agreement with the linearity of their chromosomes.
The widely conserved ftsA gene, which is involved in cell divi-
sion, is generally absent from actinobacteria, as are minC and
minE, which play an important part in determining the choice
of division site in many unicellular bacteria.

Conservons and transposons. Bentley et al. (26) noted the
presence in S. coelicolor of 13 paralogous sets of four genes,
which they called conservons, that encode membrane-bound
complexes resembling eukaryotic G protein-coupled regula-
tory systems (234). In each set, the first gene, cvnA, encodes
a sensor kinase-like ATPase, and the fourth, cvnD, encodes a
guanine nucleotide-binding GTPase. The cvn9 conservon has a
conditional role in determining the timing of development and
antibiotic production. Most Streptomyces genomes have about
a dozen conservons, while other mycelial or partially mycelial
actinobacteria have several (7. fusca has five, Frankia Ccl3
contains three, and N. farcinica harbors seven such conser-
vons), in contrast to most mycobacteria, which possess just a
single conservon. Interestingly, four of the S. coelicolor con-
servons are next to cytochrome P450 genes (see below).

Genes encoding predicted transposases are abundant in
Streptomyces chromosomes (78 in S. coelicolor and 99 in S.
avermitilis). Nevertheless, only a few of these appear to possess
all the necessary genetic elements supporting transposability.
There is a strong bias of transposase genes towards the sub-
telomeric end regions. Since some linear plasmids (notably SCP1
[28]) are also rich in transposase genes, it is likely that some of
these genes have come to move between replicons by whole-
sale exchange of large DNA segments (especially of ends)
rather than by direct transposition. In Frankia genomes, there
is remarkable variability in the abundance of such genes: con-
sidering the combined totals of integrase and transposase
genes (269 for the 9.4-Mb genome, 46 for the 7.5-Mb one, and
187 for the smallest), Normand et al. (319) speculated that the
two more recently derived strains had acquired their relatively
expanded and contracted genomes as a result of the increased
plasticity conferred by the activity of transposable elements
and their provision of scattered regions of sequence identity.

DNA Regions in Mycelial Actinobacterial
Genomes Acquired by HGT

Despite the gross synteny between the central regions of
Streptomyces genomes, there are hundreds of insertion-dele-
tion (indel) differences, mostly involving one or a few genes,
between S. coelicolor and S. avermitilis, often making it difficult
to recognize synteny at the level of small groups of genes (see
references 65 and 75 for examples). Streptomycetes also have
numerous larger islands of species-specific DNA. Thus, 4 is-
lands of >80 kb were peculiar to S. ambofaciens, while 12
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islands of 12 to 149 kb were specific for S. coelicolor, as was
found through comparative analysis of the two species (75).
Before other Streptomyces genome sequences became avail-
able, Bentley et al. (26) defined 14 islands of likely laterally
acquired DNA in the S. coelicolor genome on the basis of gene
content, atypical GC content, or location next to a tRNA
determinant; half of these turned out to be shared with S.
ambofaciens (75).

Further significant variation is provided by plasmid-chromo-
some exchanges such as those already referred to. It is there-
fore not surprising that pairwise synteny plots show that the
genes in the “subtelomeric” “arms” of Streptomyces chromo-
somes are much less conserved between species than are those
in the central regions, or “cores,” and that the cores contain
most of the genes conserved with other actinobacteria (26, 76,
194). The boundaries between these regions are not well de-
fined. Choulet et al. (76), considering S. ambofaciens, S. coeli-
color, and S. avermitilis, showed that there is in fact a long
gradient of indel differences between the core and arm regions.
This is consistent with the interpretation by Chater and Chan-
dra (65) of the way in which laterally acquired genes in the
arms can be expected to migrate inwards towards the core over
evolutionary time if they confer adaptive benefits that are
subject to comparatively frequent selection. A corollary of this
is that the conserved core region is longer when the more
closely related S. coelicolor and S. ambofaciens genomes are
compared than when either of those species is compared with
S. avermitilis (76). It is interesting to note that the three dif-
ferently sized Frankia genomes also show a strong tendency for
species-specific genes to be located near the replication termi-
nus, even though the Frankia genomes are circular (319).

Streptomyces Extrachromosomal Elements

Many plasmids from streptomycetes have been described
(for a review, see reference 225). As already mentioned, linear
plasmids, often very large, are widespread and diverse among
streptomycetes (67), but circular plasmids are also found. Most
Streptomyces plasmids are self-transmissible but phenotypically
cryptic. Sequences of a range of them have been published.
Focusing first on organisms whose entire genomes have been
characterized, wild-type S. coelicolor A3(2) contains the 365-kb
linear plasmid SCP1, which encodes the production of an an-
tibiotic (see below) (25), and the 31-kb circular cryptic plasmid
SCP2 (173). Both plasmids have been implicated in chromo-
some mobilization (185), and they can also interact with each
other via a common transposable element (67). SCP1 also
bears traces of the endwise integration of another linear plas-
mid within its length (25). SCP2 (in its SCP2* form) derivatives
have been important in cloning, particularly as low-copy-num-
ber, high-capacity vectors for S. coelicolor (225). S. avermitilis
also contains a 94-kb cryptic linear plasmid, SAP1 (194). Sev-
eral small, high-copy-number cryptic plasmids of otherwise
little-studied streptomycetes have been characterized, all rep-
licating via a rolling-circle mechanism. Among these, pl1J101,
from a strain of S. lividans, has found many uses in gene
cloning and expression, and pSGS, from S. ghanaensis, has
been used as the basis of a gene disruption system, because it
exhibits temperature-sensitive replication (225).
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Prophage-Like Elements in Streptomyces

There are no obvious prophages in the S. coelicolor A3(2)
genome, though there are integrated plasmids of the SLP1/
PSAM?2 family, which can excise from their tRNA attachment
sites and self-transfer as double-stranded DNA on contact with
strains lacking the relevant plasmid (185, 345). One likely
prophage can be found in the S. avermitilis genome (coordi-
nates 6681496 to 6721444). Two putative integrase determi-
nants are present in this element, a situation also found in
some streptococcal phages. The prophage also has a homolog
of the spd genes of Streptomyces plasmids, which make it pos-
sible for such plasmids, after transfer to a new host, to spread
within a mycelium by transfer to adjacent hyphal compart-
ments (see reference 185 for a review). A spd-like gene is also
present in phiC31 (M. C. Smith, personal communication),
which is by far the most studied of the substantial number of
Streptomyces phages analyzed after their isolation from soil
or release from lysogens (10, 279). The genomes of several
of these have been sequenced, i.e., phiC31 (395), the phi31-
homo-immune phage phiBT1 (NCBI source NC_004664),
and VWB (444). All three sequenced phages belong to the
Siphoviridae family and resemble Sfi21-like prophages in
their modular organization (57). phiC31 has a remarkable
system of prophage repression, with repressor targets in
each of the multiple promoters spread through the early
region, and these promoters have an unusual, and phage-
specific, character (196, 480).

phiC31 has provided valuable systems for gene cloning and
molecular analysis in streptomycetes (225), and its site-specific
integration system is widely used in higher-organism genetics
(102). Most Streptomyces phages have a host range confined to
streptomycetes, with different extents of host specificity within
the genus; phiC31 infects about half of the strains tested (279).

Mycelial Actinobacterial Genomes and Biological Lifestyle

Ecology. Streptomycetes are highly successful and widely
distributed soil organisms, playing important global roles in the
recycling of organic matter held in relatively intractable mac-
romolecular forms, such as the walls of plants and fungi. The
mycelial growth habit probably assists in penetrating such ma-
terials. It is not surprising that Streptomyces genomes encode
huge numbers of predicted secreted proteins; the ~800 in S.
coelicolor include 147 hydrolases, of which 7 are cellulases and
5 are chitinases (26). Although many of these are probably
exported as unfolded proteins through the major secretory
pathway, a remarkably high number (around 20% in S. coeli-
color) were predicted to be exported in the folded state via the
twin arginine translocation (Tat) pathway, the importance of
which has been backed up by substantial experimental evi-
dence for at least 28 of these proteins, using proteomics and a
Tat-specific reporter system (475). Interestingly, very few of
the 28 are expected to require metal or other cofactors, which
was hitherto considered to be a typical feature of Tat-depen-
dent proteins. It seems, therefore, that the Tat pathway is a
general protein export system in Streptomyces.

In addition to the transport of proteins, streptomycetes need
to transport many smaller molecules, both outwards in the case
of antibiotics, siderophores, and other secondary metabolites
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and inwards in order to profit from the activities of their
hydrolytic exoenzymes. Some 614 S. coelicolor gene products
were annotated as being associated with transport, including
many ABC transporter components (26).

The importance of the extracellular context of streptomy-
cetes is also reflected in the possession by S. coelicolor of nearly 50
genes for different “extracytoplasmic function” sigma factors
(26), as well as of those for 84 sensor kinases (and for 80
response regulators, 67 of which lie adjacent to sensor kinase-
encoding genes and are therefore assumed to represent indi-
vidual two-component systems) (192). Further sensory path-
ways presumably involve some of the (at least) 34 deduced
serine-threonine protein kinases (26, 341). Similar numbers of
such regulatory genes are found in other sequenced Strepto-
myces genomes.

Frankia and Thermobifida, though less generally abundant,
are also free-living soil organisms, and they both have many
transport systems and extracellular enzymes. Thus, 7. fusca has
45 genes that are presumed to encode hydrolytic enzymes for
oligo- or polysaccharides, including six cellulases. Many of the
T. fusca exoenzymes are presumed to be transported by the Tat
system (as yet, no such analysis has been published for Frankia)
(281).

Several genes specific for the symbiotic, nitrogen-fixing al-
ternative lifestyle are present in the genomes of Frankia spe-
cies. Most of these genes are common to all three sequenced
chromosomes, and they are located in scattered positions. This
is in contrast to the plasmid location of symbiotic genes in
rhizobial genomes (319).

Secondary metabolism. Streptomycetes have been the most
abundant source of clinically important antibiotics since the
discovery of actinomycin D, streptothricin, and streptomycin in
the 1940s by Waksman and coworkers (for a review, see ref-
erence 186). One major reason for sequencing their genomes
was to uncover their coding capacity for secondary metabolites.
This was rewarded by the discovery of 23 such gene sets in the
S. coelicolor chromosome (26, 62) and 30 in that of S. avermiti-
lis (194, 324). Many of these gene sets are present in one
genome but not in the other. Indeed, the same position in
different chromosomes can be occupied by different secondary
metabolism clusters: for example, the pks! cluster of S. aver-
mitilis (SAV7356 to -7422) is replaced in S. ambofaciens by a
different secondary metabolism cluster of 28 genes and in S.
coelicolor by a 31-gene insertion (SCO0850 to -0880) (75).

The subtelomeric chromosome arms are comparatively rich
in gene clusters for secondary metabolism, especially those that
are species specific. More widely present genes for secondary
metabolism, such as those for biosynthesis of pentalenolac-
tone, some siderophores, and the odor compound geosmin,
typically fall in syntenous locations within the central core
region: (26, 194, 324). Certain linear plasmids also carry such
clusters, providing a plausible route for their lateral transfer
between chromosomes residing in different streptomycetes—it
has already been pointed out that the ends of chromosomes
and plasmids can undergo genetic exchange. In one such in-
stance, the pPZG101 plasmid of Streptomyces rimosus appears
to have picked up one end of its host’s chromosome, including
the genes for the biosynthesis of oxytetracycline (154, 330).
Strikingly, the sequence of the 211-kb linear plasmid pSLA2-L
of Streptomyces rochei carries five gene sets for secondary me-
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tabolism, making up about two-thirds of the plasmid (296),
while SCP1, a 365-kb linear plasmid of S. coelicolor, carries the
methylenomycin biosynthetic genes (25). In the case of SCP1,
several independent and different kinds of integration into
the chromosome have been demonstrated, some resulting in the
insertion of SCP1 via its ends into the central region of the
chromosome, but also one in which a recombinational ex-
change resulted in two large chromosome-SCP1 hybrid mole-
cules with complementary structures (for a review see refer-
ence 67). Remarkably, a methylenomycin biosynthetic cluster
almost identical to that found in SCP1 is present on pSV1, a
circular plasmid of Streptomyces violaceusruber SANK 95570,
which otherwise has very little sequence in common with SCP1
(489).

P450 cytochromes (CYPs). Streptomyces genomes, and those
of most other actinobacteria, encode unusually large numbers
of CYPs (S. coelicolor, 18; S. avermitilis, 33; S. scabies, 25; S.
peucetius, 19; M. tuberculosis, 20; M. smegmatis, 39; M. bovis,
18; M. vanbaalenii, 51; and N. farcinica, 26 [194, 249, 331; D. C.
Lamb, personal communication]). The frequency of CYPs in
the different Frankia genomes relates approximately exponen-
tially to size, with the largest genome (9.04 Mb) having 47
annotated CYP genes, the next largest (7.5 Mb) 22, and the
smallest (5.4 Mb) 13.

There is little overlap in the CYP contents of streptomycetes
and mycobacteria. Even the one apparently conserved family,
CYP125, is present in only some members of each genus (link-
age of the CYP125 gene to genes for lipid degradation suggests
a role in lipid breakdown). More than 200 Streptomyces CYPs
are known at the time of this writing, from at least 46 species.
There are no CYP genes in E. coli K-12 and the majority of
gram-negative bacteria or in some actinobacterial genomes (7.
whipplei and C. diphtheriae), while M. leprae has only one.

The main function of CYPs is the monooxygenation of var-
ious substrates, which include many naturally occurring antag-
onists and xenobiotics. About 10% of Streptomyces CYP genes
are clustered with genes for ferredoxins, and a substantial
number are associated with gene clusters for secondary metab-
olite production (whereas many of those of mycobacteria are
probably connected to the biosynthesis of the complex lipids
that these species produce). The 18 genes for cytosolic CYPs of
S. coelicolor A3(2) have all been shown to be expressed in
standard culture conditions, and all 18 have been expressed in
E. coli (250). Control of CYP activity in S. coelicolor A3(2)
involves temporal expression of ferredoxin reductases, with
maximal activity being achieved via the correct interactions of
P450, ferredoxin, and ferredoxin reductase, a previously un-
recognized mechanism for regulating CYP function (262). Un-
usual CYP forms are associated with a specific group of re-
peated elements of streptomycetes, termed conservons (see
above).

Development. Streptomycetes are the only complex acti-
nobacteria whose development has been studied in detail.
Many of the genes involved in the formation and sporulation of
their aerial hyphae have been identified, and they were re-
cently subjected to a comparative genomic analysis (65). Here
we summarize the main take-home messages. The gene num-
bers for S. coelicolor developmental genes have been included
here to help future cross-referencing.

It is postulated that at the end of the main growth phase,
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morphological differentiation to give rise to a sporulating aer-
ial mycelium is the least favorable of various physiological
options and that the inability to achieve each of these options
is signaled by the production of an extracellular signal, under
the influence of a so-called “bld” gene. Mutations in such bld
genes prevent signal emission and hence prevent differen-
tiation unless the signal is provided from an outside source,
such as the wild type or a different bld mutant growing close
by. Thus, the decision to form an aerial mycelium appears to
be the endpoint of a series of checkpoints. At least one bld
gene, bldB (SCO5723), seems to operate outside of this
checkpoint cascade. Most of the known bld genes are rep-
resented only in the genomes of mycelial genera of actino-
mycetes, with bldB, bldH (adpA) (SCO2792), bldK (SCO5112 to
-5116), and bldM (SCO4768) being confined to Streptomyces
and bldN (SCO3323) also being found in Frankia, while bldC
(SCO4091), bldD (SCO1489), and bldG (SCO3549) are present
in all three genera.

When this series of signals confirms that aerial growth is
necessary, several different types of structural proteins are
produced, which assemble at the interface of the air with the
medium or mycelial surface and permit aerial growth by form-
ing a surface layer on the emerging aerial branches (118, 143,
476). These surface proteins include (i) somewhat species-
specific small peptides, such as SapB, which are processed from
a larger gene product (in S. coelicolor that of ramsS, one of five
genes in the ram cluster SCO6681 to -6685); (ii) the chaplins,
a large family of closely related amphipathic proteins
(SCO1674 to -1675, -1800, -2699, -2705, -2716 to -2717,
and -7257); and (iii) the rodlins (SCO2718 to -2719), which are
needed for the formation of the rodlet structures observed on
the surfaces of spores and aerial hyphae of some species. It
appears that SapB-like proteins and rodlins are peculiar to
streptomycetes (although rodlins are absent from S. avermiti-
lis), while chaplins are found in all three mycelial species. None
of the surface proteins have been found outside of mycelial
actinobacteria.

Once the aerial hyphae emerge, further developmental
genes, mostly called whi genes, control the processes of sporu-
lation septation and spore maturation. One section of this
regulatory network involves whiG (SCOS5621), which specifies
a homolog of the fli4-specified sigma factor needed for motil-
ity in many motile single-celled bacteria. The WhiG sigma
factor directly activates the whiH (SCO5819) and whil
(SCO6029) sporulation regulatory genes. These three genes,
all of which are needed for sporulation septation, are absent
from all actinomycetes except streptomycetes, with the single
exception that a whiG-like gene is present in Leishmania xyli,
the only motile actinobacterial species that has been subjected
to genome sequencing.

A parallel section of the Whi network preceding sporulation
septation involves whi4d (SCO1950), homologs of which are
universal among (and confined to) gram-positive bacteria, and
whiB (SCO3034), homologs of which are confined to (and
universal among) actinobacteria. No role for whi4-like genes
has been identified in other bacteria, despite their wide
occurrence. The whiB ortholog of mycobacteria (e.g., whmD
of M. smegmatis) is important for cell division, and whiB of
S. coelicolor can complement a whmD mutant of M. smeg-
matis, implying that the mode of action of the orthologs has
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been retained over evolutionary time even though their de-
velopmental contexts differ (352). It seems that in Strepto-
myces whiA and whiB have become unimportant for growth
and have instead been sequestered for development. This
may have been made possible by the change from a predom-
inantly single-celled growth habit, in which increased bio-
mass and cell division/separation are inextricably linked, to
an obligatory mycelial growth habit, in which cell division
(and especially that leading to cell separation) is largely
suppressed.

For the maturation of prespore compartments into nor-
mal spores, at least two further regulatory genes are needed.
One of these, sigF (SCO4035), encodes a sigma factor of a
gram-positive-specific subclass, whose best-known members
are specified by B. subtilis, and include the SigB stress-
responsive sigma factor and two forespore-specific sigma
factors (SigF and SigG). There are eight other members of
this family in S. coelicolor, and one of them, encoded by sigN
(SCO4034, immediately downstream of sigF), appears to be
crucial for the differentiation of a specific aerial hyphal
compartment immediately below the sporulating tip com-
partment (103). Another, SigB (SCO0600), is involved in
stress responses (258). In B. subtilis, most members of this
family are regulated by anti-sigma/anti-anti-sigma cascades,
the components of which are encoded by genes immediately
adjacent to the sigma factor determinant (68). In strepto-
mycetes, on the other hand, most of the genes that encode
this sigma factor type are separated from genes encoding
predicted antagonists. Possibly, this may indicate some de-
gree of promiscuity in the antagonistic interactions in strep-
tomycetes, in contrast to a comparatively high specificity in
low-GC gram-positive bacteria.

The second known late sporulation regulatory gene is
whiD (SCO4767). WhiD is a Wbl protein, a paralog of WhiB
(298). WhiD orthologs are widespread among actinobacte-
ria. In M. tuberculosis, the WhiD ortholog WhiB3 has a role
in pathogenicity, and some evidence suggests a direct inter-
action with the principal sigma factor (410). It is therefore
interesting that three of the wbl genes of S. coelicolor are
located within two genes of sigma factor determinants, and
one, wblP of the S. coelicolor plasmid SCP1, encodes a
Whbl-sigma fusion protein (25). WhiD contains a redox-sen-
sitive iron-sulfur cluster coordinated by four cysteine resi-
dues that are highly conserved among Wbl proteins and are
needed for their biological function (4, 204, 352). Remark-
ably, two members of the family have been recently shown to
have protein disulfide reductase activity (4, 138). Three
other Wbl proteins are widely conserved among actinobac-
teria. WbIC (SCOS5190) activates multiple resistance to an-
tibiotics and other inhibitors in streptomycetes and myco-
bacteria and so possibly does the same in all organisms that
possess it (304). WbIA has very recently been found to have
effects on secondary metabolism and to be needed for a very
early stage of sporulation in streptomycetes (K. Fowler, B.
Gust, K. Findlay, N. Bird, and K. F. Chater, unpublished
data; S. H. Kang, J. Huang, H. N. Lee, Y. A. Hur, S. N.
Cohen, and E. S. Kim, personal communication). The role
of WbIE (SCO05240) is unclear, since a wblE mutant of S.
coelicolor exhibits no obvious phenotype (182); however, a
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mutant of the corynebacterial ortholog showed increased
sensitivity to heat and oxidative stresses (227).

The various stages of aerial growth and development involve
temporally and spatially specific modulation of peptidoglycan
synthesis and metabolism. Evidence is growing that this in-
volves another family of paralogs, the most studied of which
are ssgA4 (SCO3926) and ssgB (SCO1541) (318). With the ex-
ception of ssgB, which is also found in 7. fusca and Frankia,
most of the paralogs are found only in streptomycetes. In S.
coelicolor, mutations in any of the paralogs affect different
stages of aerial mycelium development (318). Other Actinobac-
teria-specific genes having significant effects on development
have also been described but are less extensively characterized.
Several of these appear to be widespread among nondifferen-
tiating actinobacteria, including samR (SCO2935), crgd
(SCO3845), and paralogous members of the bldB (SCO5723)
and whiJ (SCO5443) families (65).

Based on the distribution of these developmental genes
among actinobacterial genomes, Chater and Chandra (65) pro-
posed a scheme for the evolution of development in actinobac-
teria, which is presented in a modified form in Fig. 12.

Specialized use of the rare UUA leucine codon. Correlating
with the high GC content of most actinobacterial DNA, codon
usage is highly skewed towards codon alternatives ending in G
or C. In the case of leucine, there are six alternative codons,
one of which, UUA, contains neither G nor C. Examination of
the available Streptomyces genome sequences suggests that
only one tRNA can translate UUA codons. Remarkably,
strains with mutations or deletion of bldA, the determinant of
the UUA-reading tRNA from S. coelicolor, grow vigorously,
indicating either that no TTA-containing genes are essential
for growth or that some other tRNA can in fact translate UUA
codons (253). The former turns out to be the case, since bldA
mutants are impaired in the expression of TTA-containing

genes (265). Although they do not impede growth, bld4 mu-
tations of S. coelicolor do have phenotypic consequences: the
colonies fail to form aerial mycelium on most laboratory me-
dia, and they also fail to make several different antibiotics.
These processes are typically stationary-phase associated, and
indeed the bld4 tRNA shows increased abundance in station-
ary phase, whereas other tRNAs are more abundant during
rapid growth (266, 437). From such observations, the idea grew
that bldA has a regulatory role in relation to the biology of the
stationary phase (reviewed in references 66 and 264).

Of the 7,825 annotated genes in the S. coelicolor chromo-
some, 145 contain TTA codons. Only 42 of these genes give
reciprocal BLAST hits with genes in S. avermitilis. Thus, the
large majority of TTA-containing genes are likely to have been
acquired by lateral gene transfer, such that genes with TTA
codon are found 10 times more often among putatively later-
ally transferred genes than among conserved genes. In support
of this, 31 were located within islands thought to have been
acquired by HGT (270). Of the 42 genes common to S. coeli-
color and S. avermitilis, TTA codons are present in both or-
thologs in 12 cases (270). Just 5 of these 12 genes are also
conserved, with their TTA codons, in S. scabies and S. venezu-
elae (Chandra and Chater, unpublished data). Chater and
Chandra (65) have suggested that such conserved TTA-con-
taining genes, and a putative regulatory role of bldA, are an
ancient feature of streptomycetes, possibly having been
present at the earliest stages of their evolution. This notion is
supported by the finding that bldA mutants of phylogenetically
distant streptomycetes have similar pleiotropic phenotypes.
One of the conserved TTA-containing genes, adpA, was shown
to be the principal route through which bldA exerts its influ-
ence on morphological development (313, 418), whereas the
effects of bldA mutation on secondary metabolism seem often
to be mediated by pathway-specific (and therefore somewhat
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gene in Streptomyces genomes.

organism-specific) TTA-containing regulatory genes (63). Li et
al. (270) systematically inactivated 12 of the TTA-containing
genes of S. coelicolor conserved in S. avermitilis as well as 9 of
the nonconserved ones, but they could find no clear phenotypic
effects. They suggested that such genes were likely to be of
particular adaptive value and phenotypically significant, mainly
in specific ecological situations that are not mimicked by nor-
mal laboratory conditions.

Chater and Chandra (65) found that this specialized use of
TTA codons did not seem to be shared by other actinobacteria
sequenced so far, since TTA-containing genes were generally
much more frequent in those genomes and included certain
genes considered to be required for growth-associated pro-
cesses. Since that review, Frankia genome sequences have be-
come available, and the comparatively close relatedness of
Frankia to streptomycetes, and the similarly high GC content,
makes it interesting to consider the possible significance of
TTA codons in these genomes. TTA-containing genes are
somewhat more frequent in the two Frankia spp analyzed than
in any of four streptomycetes, and none of them corresponds
to any of the TTA-containing genes conserved among the four
Streptomyces genomes (Chandra and Chater, unpublished
data). The positions of TTA codons within Streptomyces genes
show a particularly strong bias towards the early parts of the
genes in streptomycetes compared with other actinobacteria, a
position that may be optimal for the modulation of translation
(65, 133, 265). Figure 13 shows that this effect is also more
marked in Streptomyces than in Frankia, again suggesting that
the specialized role of TTA codons in streptomycetes is not
shared with Frankia.

COMPARATIVE GENOMICS OF ACTINOBACTERIA

Synteny of Actinobacterial Genomes

Due to the profound diversity and the taxonomic distance
between the various Actinobacteria, protein rather than DNA
alignments have to be employed in order to provide a mean-
ingful global view of the existing relationships. Alignments of
very closely related genomes usually show a continuous diag-
onal line starting from one corner of the xy plot figure up to the
opposite corner, indicating a high degree of synteny of the
genes that are conserved. Nonconserved genes, due to either
insertions or deletions, contribute spaces rather than signals to
these plots. Departures from the simple diagonal plot may
reflect the occurrence of genomic rearrangements such as in-
versions, transpositions, duplications, or large-scale deletions
that have occurred since the last common ancestor of the two
strains being compared. The most obvious such departure is
the formation of an X-shaped plot, reflecting inversions that
include the replication origin (50). This latter can be seen from
genome comparison of strains 7. whipplei TW08/27 and T.
whipplei Twist. Although the close relatedness of these two
strains is obvious from their continuous regions of alignment,
there is a large region in the alignment going in the opposite
direction, from the upper left corner to the lower right corner
following an X-shaped distribution (Fig. 4).

Using whole-genome alignments at the protein level (Fig. 8;
see Fig. S3 in the supplemental material), the first stages in
evolutionary divergence can be seen even between two sepa-
rately maintained descendants of a single isolate of C. glutami-
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cum ATCC 13032, which show a small interruption in an oth-
erwise near-perfect alignment (Fig. 8; see Fig. S3a in the
supplemental material). Interspecific comparisons of coryne-
bacterial genomes also show strong synteny, but the diagonal
plot is somewhat distorted by the accumulated indel differ-
ences scattered through the genome (see Fig. S3b in the sup-
plemental material). These give rise to a larger number of
points off the main diagonal, at least some of which are caused
by hits between paralogs rather than orthologs. Alignments
between two independently isolated strains of M. tuberculosis
also show high synteny, though a modest number of off-diag-
onal points again reflect indel differences (see Fig. S3c in the
supplemental material). The equally high level of synteny ob-
served between M. bovis and M. tuberculosis strains (see Fig.
S3d in the supplemental material) may suggest that M. bovis is
an ecotype of M. tuberculosis (50, 188) rather than a separate
species. In contrast, despite high sequence identity at the level
of individual genes, the genome alignment between M. avium
subsp. paratuberculosis and M. bovis reveals many inversion
events separating the organisms and therefore a greater evo-
lutionary distance (see Fig. S3e in the supplemental material).
Whole-genome alignments of Mycobacterium sp. strain MC, a
Mycobacterium strain isolated from the environment, indicate
that it is more related to M. bovis and M. tuberculosis than to M.
avium (data not shown). Alignments of any of these mycobac-
terial genomes with that of M. leprae show much less synteny,
in line with their different GC contents (M. leprae, 57.8%; M.
tuberculosis, 65.6%) and lower conservation at the level of
individual gene products (see Fig. S3f in the supplemental
material). This diversity may reflect the fact that M. leprae is
not subject to many of the selective forces that impinge on
free-living organisms.

High levels of synteny and sequence conservation can still be
observed in some cases when genome sequences of different
families of the order Actinomycetales are aligned. The human
pathogen N. farcinica shows closer relatedness to Mycobacte-
rium (see Fig. S3g in the supplemental material) and Coryne-
bacterium than to other Actinomycetales. Genome-wide com-
parison of a Frankia sp. with T. fusca XY produced defined
alignments (see Fig. S3h to i in the supplemental material),
displaying an X-shaped distribution that encompasses large
genome regions. Comparisons of circular chromosomes with
linear ones are complicated by the different conventions for
presenting the two kinds of genomes: the numbering of genes
in circular genomes conventionally starts from the replication
origin, whereas in linear genomes the sequence, and hence the
gene numbering, runs from end to end, with the replication
origin being approximately central. Thus, if a circular genome
and a linear genome were otherwise perfectly syntenous, the
resulting synteny plot would be shaped as a V (or an inverted
V). Any inversions including the origin would introduce a
rhomboid form to the plot. This is seen when Streptomyces
genomes are compared with those of any of the other available
actinobacterial genomes (see Fig. S3h to i in the supplemental
material), though comparisons between Streptomyces species
are still expected to generate diagonal/X-shaped plots (194).
All intergeneric comparisons reveal multiple short regions of
synteny interrupted by inversions including the replication or-
igin, with very few examples of inversions that do not include
the origin (which would be seen as additional X-shaped cross-
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over points on the main diagonals). The synteny is generally
somewhat obscured by the much-increased number of points
that are located off the diagonal, which are mostly explained
not by the different arrangement of orthologs, but rather by the
greater number of “hits” between paralogs (which become
more likely both with increasing numbers of paralogs and with
greater sequence divergence between the orthologous compo-
nents of genomes).

Actinobacterial Core Genome Sequences: Phylogenomics

A core can be defined as the set of all genes shared as
orthologs by all members of an evolutionarily coherent group.
They are relatively unlikely to have experienced HGT, which
make them suitable targets as molecular markers to infer phy-
logeny. The larger the phylogenetic distance between organ-
isms, the lower the number of core genes that can be com-
pared; e.g., a minimal set of 60 core genes was obtained when
comparing 100 genomes of Bacteria, Archaea, and Eukarya. For
actinobacteria, the clustering method MCL, based on BLAST
results, provides 123 proteins which can be useful for recon-
structing actinobacterial phylogeny (Table 7). Although differ-
ent analytical procedures may give different numbers of core
proteins, the use of core sets derived by different procedures in
phylogenomic analysis can be expected to yield comparable
results. The large phylogenetic distances across actinobacteria
are reflected in the relatively low number of orthologs found
using the MCL clustering method. The phylogenetic trees ob-
tained with of each of these genes are not all consistent, so a
consensus tree (Fig. 14) was built using SplitsTree software
(191). As expected, genome sequences belonging to different
strains of the same species showed no distance, sharing the
same topology (though the 7. whipplei TWO08/27 and T. whip-
plei Twist branches do not fully overlap, despite the fact that
the two strains share >99% nucleotide identity [357]). On the
other hand, different species in the same genera should not
overlap, since their protein sequences record the history of an
older speciation process. Based on this criterion, M. bovis and
M. tuberculosis might both be considered to be members of the
M. tuberculosis complex.

The longest branch in both the supertree and the 16S
rRNA gene tree includes Symbiobacterium thermophilum and
Rubrobacter xylanophilus; of these two, S. thermophilum is still
taxonomically unclassified, though it was initially considered to
be actinobacterial based on GC content and 16S rRNA gene
sequence (440).

These observations provide a starting point for the reclassi-
fication of Actinobacteridae using whole-genome information,
which is already considerable and is set to increase rapidly.

IMPACT OF ACTINOBACTERIAL GENOMICS
ON TAXONOMY

It has become obvious that the genome sequence of only a
single strain does not depict the overall diversity of a species.
For example, E. coli genomes available in 2002 displayed up to
29% sequence divergence (81). On the basis of such findings,
Lan and Reves (251) introduced the term of species genome,
which includes all the genes present in the characterized
strains of a species. The species genome consists of a core of
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TABLE 7. Protein-coding genes in the hypothetical minimal actinobacterial cells

OREF designation® Prominent features

BLOO0S53 ... Mrp; COG family, ATPases involved in chromosome partitioning; PFAM_ID, DUF59; PFAM_ID, fer4 NifH

BL0065 Involved in peptide bond synthesis; alters affinity of the ribosome for aminoacyl-tRNA

BLOOO7 ... Composed of two chains; the small (or glutamine) chain promotes the hydrolysis of glutamine to ammonia,
which is used by the large (or ammonia) chain to synthesize carbamoyl phosphate

BLOO6S ......cocevemiieiiicicieicines CarB

BL0070 Gmp kinase; COG family, guanylate kinase; PFAM_ID, Guanylate_kin

BLO097 ... Catalyzes the NADP-dependent rearrangement and reduction of 1-deoxy-D-xylulose-5-phosphate (DXP) to
2-C-methyl-pD-erythritol 4-phosphate

BLO100 ... Involved in DNA repair and recF pathway recombination

BLO118 GTPase; similar structure to tubulin; forms ring-shaped polymers at the site of cell division; other proteins
such as FtsA, ZipA, and ZapA interact with and regulate FtsZ function

BLO0193 COG family, Mg-dependent DNase; PFAM_ID, TatD_DNase

BLO29T ... Pantetheine-phosphate adenylyltransferase; PpaT; dephospho-CoA pyrophosphorylase; CoaD; COG family,
phosphopantetheine adenylyltransferase; PFAM_ID, Cytidylyltransf

BLO295 ..o RNase III; RncS; COG family, double-stranded-RNA-specific RNase; PFAM_ID, Ribonuclease_3;
PFAM_ID, dsrm

BLO305 ... RpsP; COG family, ribosomal protein S16; PFAM_ID, Ribosomal_S16

BL0327 M1g-methyltransferase; tRNA [GM37] methyltransferase; TrmD; COG family,
tRNA-(guanine-N1)-methyltransferase; PFAM_ID, tRNA_m1G_MT

BL0328 COG family, N6-adenine-specific methylase

BLO358 ... AtpG; COG family, FF,-type ATP synthase gamma subunit; PFAM_ID, ATP-synt

BL0395 Catalyzes formation of valyl-tRNA(Val) from valine and tRNA(Val)

BLO402 ... Allows formation of correctly charged Asn-tRNA(Asn) or GIn-tRNA(GIn) through the transamidation of
misacylated Asp-tRNA(Asn) or Glu-tRNA(GIn) in organisms which lack either or both of asparaginyl-
tRNA or glutaminyl-tRNA synthetases

BL0413 Rpll; COG family, ribosomal protein L9; PFAM_ID, Ribosomal_L9

BLO43T oo DnaB; COG family, replicative DNA helicase; PFAM_ID, DnaB

BL0499 COG family, recombinational DNA repair protein; PFAM_ID, RecR; PFAM_ID, Toprim

BLO500 ... Plays a role in assembling DnaB onto the primer template and interacts with the core polymerase

BL0519 Hsp-70 cofactor; GrpE; COG family, molecular chaperone GrpE (heat shock protein); PFAM_ID, GrpE

BLO549 ... Catalyzes formation of N6-(1,2,-dicarboxyethyl)-AMP from L-aspartate, IMP, and GTP in AMP biosynthesis

BL0637 COG family, recombinational DNA repair ATPase

BLO640 ... DnaA; COG family, ATPase involved in DNA replication initiation; PFAM_ID, AAA; PFAM_ID,
bac_DNAA

BLOO4S ... ParB; COG family, predicted transcriptional regulators; PEFAM_ID, ParBc

BL0703 UvrC; COG family, nuclease subunit of the excinuclease complex; PFAM_ID, Exci_endo_N; PFAM_ID,
UVR; PFAM_ID, HHH

BL0706 COG family, uncharacterized Ber; PEAM_ID, DUF199

BLO707 ..o Catalyzes formation of 3-phospho-D-glyceroyl phosphate from 3-phospho-D-glycerate

BL0726 COG family, uncharacterized Acr; PFAM_ID, DUF28

BLO727 ..o Cleaves the cruciform structure in supercoiled DNA by nicking strands with the same polarity at sites
symmetrically opposed at the junction in the homologous arms

BLO728 ... COG family, Holliday junction resolvasome DNA-binding subunit; PFAM_ID, RuvA; PFAM_ID, RuvA_II

BL0729 COG family, Holliday junction resolvasome helicase subunit; PFAM_ID, AAA

BLO735 ..o Involved in de novo purine biosynthesis

BL0848 Binds to the ribosome on the universally conserved alpha-sarcin loop

BLO849 ... RpsT; COG family, ribosomal protein S20; PEFAM_ID, Ribosomal_S20p

BL0859 Bex; essential protein in Escherichia coli that is involved in many cellular processes; GTPase; binds cell
membrane through apparent C-terminal domain

BL0861 COG family, predicted metal-dependent hydrolase; PFAM_ID, UPF0054

BLO870 ... COG family, iron-regulated ABC transporter ATPase subunit SufC; PFAM_ID, ABC_tran

BL0878 Catalyzes formation of chorismate from 5-O-(1-carboxyvinyl)-3-phosphoshikimate in aromatic amino acid
biosynthesis

BL0881 COG family, predicted endonuclease involved in recombination (possible Holliday junction resolvase in
mycoplasmas and B. subtilis)

BL0926 COG family, predicted GTPase

BLO943 ... Binds and unfolds substrates as part of the ClpXP protease

BL0947 Tig; RopA; peptidyl-prolyl cis/trans-isomerase; promotes folding of newly synthesized proteins; binds
ribosomal 508 subunit; forms a homodimer

BL0960 Contains glutamine-hydrolyzing domain and glutamine amidotransferase; GMP-binding domain; functions to
produce GMP from XMP in the IMP pathway

BL0964 N-Acetylglucosamine-1-phosphate uridyltransferase; Tms protein; GImU; COG family, N-acetylglucosamine-
1-phosphate uridyltransferase (contains nucleotidyltransferase and I-patch acetyltransferase domains);
PFAM_ID, NTP_transferase

BL0990......ccooiiiiiiiiiiicienne UvrABC repair system catalyzes recognition and processing of DNA lesions; beta-hairpin of the UvrB
subunit is inserted between the strands, where it probes for the presence of a lesion

BLO0992 ..o Binds mRNA to the ribosomes and plays a role in delivering transfer mRNA to stalled ribosomes

Continued on facing page
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TABLE 7—Continued

OREF designation®

Prominent features

BL1032 ..o

BLI043 ...
BL1051

BL1066
BLI1067 ..o

BL1099

BL1100

BLI108 ...
BL1121

BL1122

BL1123

BLI130 oo

BLI180 ...
BL1182
BLI187 .o

BLI192 ..o

BLI1204 ...

BLI275 (e
BL1282
BLI283 ...
BL1284
BLI288 ...
BL1312

BL1316

BL1320

BL1321

BLI323 .o

BL1324

BL1366

BL1367

BL1415

BL1438
BLI450 ...

BLIS03 ...
BL1504

BL1505
BL1506 ..o
BL1507

BLI1545a ...

Transfers an adenyl group from ATP to NaMN to form nicotinic acid adenine dinucleotide (NaAD), which is
then converted to the ubiquitous compound NAD by NAD synthetase; essential enzyme in bacteria

Recombination protein N; COG family, ATPases involved in DNA repair

Tyrosine-tRNA ligase; TyrRS; TyrS; COG family, tyrosyl-tRNA synthetase; PFAM_ID, tRNA-synt_1b;
PFAM_ID, S4

Phenylalanine-tRNA ligase beta chain; PheRS; PheT; COG family, emap domain

Catalyzes a two-step reaction, first charging a phenylalanine molecule by linking its carboxyl group to the
alpha-phosphate of ATP, followed by transfer of the aminoacyl-adenylate to its tRNA; forms a
heterotetramer of alpha(2)beta(2); binds two magnesiusm

One of the primary rRNA-binding proteins; binds directly to 16S rRNA, where it nucleates assembly of the
head domain of the 30S subunit; is located at the subunit interface close to the decoding center

Important for translational accuracy; interacts with and stabilizes bases of the 16S rRNA that are involved in
tRNA selection in the A site and with the mRNA backbone; located at the interface of the 30S and 50S
subunits, it traverses the body of the 30S subunit

PurL

Glutamine phosphoribosylpyrophosphate amidotransferase; PurF; COG family, glutamine
phosphoribosylpyrophosphate amidotransferase; PFAM_ID, GATase_2; PFAM_ID, Pribosyltran

Catalyzes formation of 1-(5-phosphoribosyl)-5-aminoimidazole from 2-(formamido)-N1-
(5-phosphoribosyl)acetamidine and ATP in purine biosynthesis

GarS; glycinamide ribonucleotide synthetase; phosphoribosylglycinamide synthetase; PurD; COG family,
phosphoribosylamine-glycine ligase; PEAM_ID, GARS_N; PFAM_ID, GARS_B; PFAM_ID, GARS;
PFAM_ID, GARS _C

Air carboxylase; AirC; PurE; COG family, phosphoribosylcarboxyaminoimidazole (ncair) mutase; PFAM_ID,
AIRC

Binds to ssz4 RNA and is required for its successful binding to ribosomes

FtsX; COG family, cell division protein; PFAM_ID, DUF214

MrsA; COG family, phosphomannomutase; PEAM_ID, PGM_PMM_I; PFAM_ID, PGM_PMM _II;
PFAM_ID, PGM_PMM _III; PFAM_ID, PGM_PMM

COG family, predicted hydrolase of the metallo-beta-lactamase superfamily; PFAM_ID, lactamase_B;
PFAM_ID, UPF0036

DNA-dependent RNA polymerase catalyzes the transcription of DNA into RNA using the four
ribonucleoside triphosphates as substrates

HK; ThrB; COG family, homoserine kinase; PFAM_ID, GHMP_kinases

RplU; COG family, ribosomal protein L21; PEAM_ID, Ribosomal_L21p

Function of this ribosomal subunit is unknown

Obg; COG family, predicted GTPase; PFAM_ID, GTP1_OBG

NusG; COG family, transcription antiterminator; PFAM_ID, NusG

COG family, predicted transcriptional regulator; consists of a Zn-ribbon and ATP-cone domains; PFAM_ID,
DUF193

COG family, predicted S-adenosylmethionine-dependent methyltransferase involved in cell envelope
biogenesis; PFAM_ID, Methyltransf 5

Catalyzes binding of UDP-N-acetylmuramoyl(pentapeptide) to bactoprenol to produce lipid I in
peptidoglycan synthesis

UDP-N-acetylmuramoyl-L-alanyl-D-glutamate synthetase; D-glutamic acid-adding enzyme; MurD; COG
family, UDP-N-acetylmuramoylalanine-D-glutamate ligase; PFAM_ID, Mur_ligase; PFAM_ID,
Mur_ligase_ C

UDP-N-acetylglucosamine-N-acetylmuramyl-(pentapeptide)pyrophosphoryl-undecaprenol N-
acetylglucosamine transferase; involved in cell wall formation; inner membrane associated; last step of
peptidoglycan synthesis

UDP-N-acetylmuramoyl-L-alanine synthetase; MurC; COG family, UDP-N-acetylmuramate-alanine ligase;
PFAM_ID, Mur_ligase; PFAM_ID, Mur_ligase; PFAM_ID, Mur_ligase_C

InfC; COG family, translation initiation factor 1f3; PFAM_ID, IF3

Rpml; COG family, ribosomal protein L35; PFAM_ID, Ribosomal_L35p

Protein binds directly to 23S rRNA and is necessary for the in vitro assembly process of the 50S ribosomal
subunit

Catalyzes hydrolysis of ATP in the presence of single-stranded DNA, ATP-dependent uptake of single-
stranded DNA by duplex DNA, and ATP-dependent hybridization of homologous single-stranded DNAs

dUTPase; dUTP pyrophosphatase; DutP; COG family, dUTPase; PFAM_ID, dUTPase

Leucine-tRNA ligase; LeuRS; charges leucine by linking carboxyl group to alpha-phosphate of ATP and then
transfers aminoacyl-adenylate to its tRNA

Essential for binding of S1 to the small ribosomal subunit

EF-Ts; functions during elongation stage of protein translation; forms a dimer; associates with EF-Tu-GDP
complex and promotes exchange of GDP to GTP, resulting in regeneration of the active form of EF-Tu

UK; UMP kinase; UMP kinase; PyrH; COG family, uridylate kinase; PFAM_ID, aakinase

Ribosome-releasing factor; Frr; COG family, ribosome-recycling factor; PFAM_ID, RRF

CDP-diglyceride synthetase; CDP-diglyceride pyrophosphorylase; CDP-diacylglycerol synthase; CdsA; COG
family, CDP-diglyceride synthetase; PFAM_ID, Cytidylyltrans

RpsO; COG family, ribosomal protein S15p/S13e; PFAM_ID, Ribosomal_S15

Continued on following page
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OREF designation®

Prominent features

BLI546 ... Polynucleotide phosphorylase; Pnpase; COG family, polyribonucleotide nucleotidyltransferase (polynucleotide
phosphorylase); PFAM_ID, RNase_PH; PFAM_ID, RNase_PH; PFAM_ID, KH-domain; PFAM_ID, S1

BLI549 ..o Binds the two ribosomal protein L7/L12 dimers and anchors them to the large ribosomal subunit

BL1550 RplL; COG family, ribosomal protein L7/L12; PFAM_ID, Ribosomal_L12

BLIS58 ... GroES; COG family, cochaperonin GroES (Hsp10); PFAM_ID, cpnl0

BL1571 L13 is associated with the antitermination complex

BLIST2 . RpsI; COG family, ribosomal protein S9; PFAM_ID, Ribosomal_S9

BL1577 Involved in the binding of tRNA to the ribosomes

BLIST8 ..o RplIC; COG family, ribosomal protein L3; PFAM_ID, Ribosomal_L3

BL1579 Subunit important during the early stages of 50S assembly, initially binding near the 5" end of the 23S rRNA

BLI580 ... Binds signal recognition particle and trigger factor at the peptide exit area on the 50S ribosome

BL1581 One of the primary rRNA-binding proteins; required for association of the 30S and 50S subunits to form the

70S ribosome, for tRNA binding, and for peptide bond formation

BL1582 RpsS; COG family, ribosomal protein S19; PFAM_ID, Ribosomal_S19

BLIS83 ..o RplV; COG family, ribosomal protein L22; PFAM_ID, Ribosomal_L.22

BL1584 Forms a complex with S10 and S14; binds the lower part of the 30S subunit head and the mRNA in the
complete ribosome to position it for translation

BL1586 Located in the peptidyl transferase center and may be involved in peptidyl transferase activity

BLIS8S ... RpmC; COG family, ribosomal protein L29; PFAM_ID, Ribosomal_1.29

BL1589 RpsQ; COG family, ribosomal protein S17; PFAM_ID, Ribosomal_S17

BLI590 ... RpIN; COG family, ribosomal protein L14; PFAM_ID, Ribosomal_L14

BL1591 RplX; COG family, ribosomal protein L24; PFAM_ID, Ribosomal_L24

BLIS92 ... Mediates attachment of the 5S RNA into the large ribosomal subunit, where it forms part of the central
protuberance

BLIS94 ... Binds directly to 16S rRNA central domain, where it helps coordinate assembly of the platform of the 30S
subunit

BLIS9S .o RplF; COG family, ribosomal protein L6; PFAM_ID, Ribosomal_L6

BL1596 RplR; COG family, ribosomal protein L18; PFAM_ID, Ribosomal_L18p

BLIS97 ..o Located at the back of the 30S subunit body, where it stabilizes the conformation of the head with respect to
the body; contacts S4 and S8; with S4 and S12 plays a role in translational accuracy

BLI599 ... Associates with 23S rRNA and is involved in 50S ribosome assembly

BL1600 With SecE and SecG forms a protein conduction channel in the inner membrane

BLI1604 ... Located at the top of the head of the 30S subunit, it contacts several helices of the 16S rRNA

BLI1604.1 ..o Located on the platform of the 30S subunit, it bridges several disparate RNA helices of the 16S rRNA;
forms part of the Shine-Dalgarno cleft in the 70S ribosome

BL1607 RplQ; COG family, ribosomal protein L17; PFAM_ID, Ribosomal_L17

BLIOIS .o Binds to RNA polymerase and RNA; stimulates rho-independent termination by promoting hairpin
formation; also interacts with N protein and prevents hairpin formation, thereby preventing termination

BLI616 ... Protects formylmethionyl-tRNA from spontaneous hydrolysis and promotes its binding to the 30S ribosomal
subunits during initiation of protein synthesis; also involved in the hydrolysis of GTP during the formation
of the 70S ribosomal complex

BL1618 tRNA pseudouridine 55 synthase; Psi55 synthase; pseudouridylate synthase; uracil hydrolyase; TruB; COG
family, pseudouridine synthase; PFAM_ID, TruB_N

BL1619 Fad pyrophosphorylase; Fad synthetase; RibF; COG family, FAD synthase; PFAM_ID, FAD_Synth

BLI777 et Catalyzes formation of isoleucyl-tRNA(Ile) from isoleucine and tRNA(Ile)

BL0642 RpmH; COG family, ribosomal protein L34; PFAM_ID, Ribosomal_134

“ The ORF designations refer to those of B. longum biotype longum NCC2705 (384).

genes present in most of the strains and a supplementary set of
genes, which are usually strain specific. Obligate intracellular
parasites such as Tropheryma, Buchnera, or Chlamydophila are
highly adapted to the physiologically stable environments of
their host cells and tend to contain very few supplementary
genes (113), while an extremely variable supplementary gene
set is typically found in free-living bacteria that are highly
adaptable to different environmental conditions (79).

The specific level of genome conservation between bacterial
taxa can be used as a measure of evolutionary divergence (81,
243). The ranks of genus and family are the least well defined,
at least when a genomic similarity measure is considered. The
broadest distribution of genome conservation score is observed
within the genus rank. The similarity between species belong-
ing to the same genus can also vary considerably (e.g., M.

tuberculosis and M. bovis are 96% similar, whereas Mycoplasma
gallisepticum and Mycoplasma penetrans are only 16% similar).

New Approaches to Investigate Taxonomic Relationships in
Actinobacteria Based on Whole-Genome Sequences

The DNA-DNA reassociation method has been a corner-
stone of modern bacterial taxonomy. However, besides prob-
lems associated with reproducibility of this methodology, DNA
reassociation values do not represent actual sequence identity
or gene content differences, since DNA heteroduplexes will
form only between strands that show at least 80% sequence
complementarity (377). Another, universally accepted method
used in bacterial taxonomy is comparing 16S rRNA gene se-
quences. The limitation of this approach is that there are no
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FIG. 14. Phylogenomic tree of the Actinobacteria phylum. The tree is based on the 123 protein sequences representing the minimal core gene

sequences of Actinobacteria described in Table 7.

threshold values for 16S rRNA gene identity for species rec-
ognition, while a number of cases are known where two taxa
display high 16S rRNA gene sequence identity but low DNA-
DNA binding values (128, 405). Furthermore, high levels of
intragenomic heterogeneity between multiple 16S rRNA oper-
ons in a given genome, as well as HGT of the 16S rRNA gene
between bacteria, have been documented (388, 440). Finally,
considerable differences in the mutation rates between differ-
ent lineages have also been observed for 16S rRNA gene
sequence, thus leading to artifacts in the phylogenetic tree
construction (481).

Since Darwin’s theory of evolution, taxonomists have
wanted to obtain a hierarchical classification that reflects the
evolutionary relationships between individual species, recon-
structing the history of life while also enhancing our under-
standing of current life in the context of the evolutionary forces
that have helped to shape it (114). For the Actinobacteria,
earlier phylogenies using morphological and chemotaxonomic
characteristics were found to be unreliable (119), and these
were superseded by trees based on 16S rRNA sequences (406).
In these trees, actinobacterial species form compact groups,
and it has been difficult to solve the precise branching order
or interrelationships among different constituent subgroups
(406). Thus, other alternative molecular markers such as
recA, tuf, atpD, rpoB, sod, gyrB, or molecular chaperone-
encoding genes such as groEL, dnakK, grpE, clpP, and hsp65
have been proposed to infer phylogeny in Actinobacteria

taxa, such as bifidobacteria (210, 448-461) or mycobacteria
(32, 49, 149, 217, 226, 497). However, molecular phylogenies
based on a single gene often lead to apparently conflicting
results (374).

With the availability of complete genome sequences it has
become possible to reconstruct phylogenies on the basis of a
much larger data set per species, allowing a more reliable and
representative inference of the tree of life. Several approaches
to build trees from complete genomes have been introduced
(43, 104, 125, 160, 191, 348, 397, 433, 483, 491). Genome-based
trees can be divided into (i) alignment-free genome trees based
on statistical properties of the complete genome, (ii) gene
content trees based on the presence and absence of genes, (iii)
genome trees based on average sequence similarity, (iv) ge-
nome trees based on chromosomal gene order, and (v) phy-
logenomic trees based either on the collection of phylogenetic
trees derived from shared gene families or on a concatenated
alignment of those families (399).

Another strategy used to understand the interrelationship
between bacteria is to analyze conserved inserts or deletions,
i.e., indels, in widely distributed proteins that are characteristic
of the different groups of bacteria (for reviews, see references
164 and 165). Several indels, which constitute distinctive mo-
lecular markers, have been identified for phyla such as Pro-
teobacteria, Chlamidiae, Cyanobacteria, and “Deinococcus-
Thermus” (157, 163, 166). The taxonomic resolution of some of
the techniques mentioned above, in particular with respect to
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the Actinobacteria group, may vary (Fig. 15). However, it
should be kept in mind that more large-scale studies and a
larger number of actinobacterial genomes are required to cor-
roborate such taxonomic inferences. Recently, three conserved
indels, which correspond to a deletion of 2 aa in cytochrome ¢
oxidase subunit 1 (Cox1), a 4-aa insert (except in the case of T.
whipplei, which contains a 3-aa insert in the same position) in
CTP synthetase, and a 5-aa insert (with the exceptions of 7.
fusca, P. acnes, and Rubrobacterium xylanophilus) in glutamyl-
tRNA synthetase (GIuRS), were found to be distinctive char-
acteristics of Actinobacteria (136).

Furthermore, a large insert of 79 to 100 bp in actinobacterial
23S rRNA is absent from all other groups of bacteria (136,
375). Based on the distribution of all of the above-mentioned
signatures, it can be inferred that these indels were introduced
in a common ancestor of Actinobacteria and thus represent
molecular signatures that are very helpful in circumscribing the
phylum Actinobacteria while useful for the placement of deep-
branching species within this group (136). A recent compre-
hensive analysis of four actinobacterial genomes, i.e., M. leprae
TN (84), L. xyli subsp. xyli strain CTCB07 (300), B. longum
biotype longum NCC2705 (384), and T. fusca YX (281), iden-
tified 233 proteins that are unique in this cluster of actinobac-
terial genomes and do not have homologs in any other cur-
rently available bacterial genome (137). (We note that the
inclusion in this set of four strains of M. leprae has resulted in
the exclusion of a significant number of genes found in all
free-living actinobacteria.) Most of these proteins are of un-
known function, except for WhiB, which has roles in develop-
ment in Streptomyces and cell division in Mycobacterium smeg-
matis (400), and the transcriptional regulator of mercuric
compounds MerR (360). Genes related to whiB have also been
found in some actinophages, which may have acquired them
from Actinobacteria (336). Among these 233 Actinobacteria-
specific proteins, the genes encoding six proteins are absent
from the B. longum biotype longum genome. Of these six
genes, one (encoding a homolog of the hypothetical protein
ML1781) was also absent in any of the sequenced corynebac-
terial genomes. The latter finding suggests that this protein was
introduced in an actinobacterial antecedent after the diver-
gence of Bifidobacterium and subsequently lost in a common
ancestor of Corynebacterium (137). These proteins provide use-
ful indications that bifidobacteria most likely constitute one of
the earliest branching lineages within Actinobacteria. Another

group of 11 Actinobacteria-specific proteins are specific mainly
for the Corynebacterium-Mycobacterium-Nocardia subgroups,
Streptomyces, Thermobifida, and Frankia but are not specified
by species belonging to Bifidobacterium or Micrococcineae (L.
xyli, T. whipplei, Arthrobacter, and Brevibacterium). Similarly, 13
proteins were found to be encoded by members of the CMN
subgroup but were not found in other bacteria (137) (Fig. 16).
Finally, 14 orthologous proteins are specified by both Myco-
bacterium and Nocardia species but are not encoded by any
other microorganism, including Corynebacterium, suggesting a
recent origin of the Mycobacterium and Nocardia subgroup
(137) (Fig. 16).

In addition to providing novel molecular markers, as alter-
natives to the 16S rRNA gene, that are distinctive for the entire
Actinobacteria taxon, major subgroups within this phylum (e.g.,
Micrococcineae, CMN subgroup, Streptosporangineae, and
Streptomycineae) can be distinguished (137). Due to their spec-
ificity for Actinobacteria or specific groups within this phylum,
genes encoding group-specific proteins provide a very useful
source of sequences for specific bacterial tracing (e.g., against
human pathogens such as M. tuberculosis, M. leprae, and N.
farcinica). Furthermore, the distribution pattern of these Acti-
nobacteria-specific proteins supplies valuable information con-
cerning the relative branching order and interrelationships be-
tween various subgroups within the Actinobacteria phylum.
Recently, a tentative model of the branching order of Acti-
nobacteria subgroups that would reflect the evolutionary stages
was proposed (137). This analysis indicated that Rubrobacte-
rales constitutes one of the deepest branches within the phylum
Actinobacteria, followed by the emergence of Bifidobacteriales
and Micrococcinae. Genera belonging to the suborders Strep-
tomycineae, Streptosporangineae, Frankiniae, and Corynebacte-
rineae (CMN subgroup) represent late-branching groups (137)
(Fig. 16).

Actinobacterial Taxonomy Based on Multilocus Approach

Although sequence comparisons of conserved macromole-
cules have become a routine practice in prokaryotic taxonomy,
several studies have indicated that single-gene trees may not
adequately reflect phylogenetic relationships, because of pos-
sible HGT, variable mutation rates, and variable rates of re-
combination. Trees based on large combined alignments of
conserved orthologous proteins, i.e., the supertree, are highly
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robust. Based on the consensus view introduced by Philippe
and Douady (342), only proteins encoded by the so-called
hard-core genes, i.e., those not subject to detectable HGT, and
by the soft-core genes, which includes genes that are not com-
monly susceptible to HGT, should be used to build a supertree.
These two different categories of genes allow phylogenetic
inferences at distant, short, and intermediate evolutionary
scales. Furthermore, other criteria must be taken into account
in the selection of these genes, i.e., there must be universal
distribution among genomes, the genes must be unique within
a given genome, and the individual gene sequences must be
long enough to contain sufficient information but short enough
to allow sequencing in a convenient manner (493). The multi-
gene approach fulfils the recent recommendations of the ad
hoc committee for the reevaluation of the definition of the
bacterial species (405). The concatenation of four gene frag-
ments encompassing the 16S rRNA gene, /sp65, rpoB, and sod
have been used to create a supertree which infers phylogeny
among members of the Mycobacterium genus (112). The con-
catenation of these genes significantly increased the resolution
and robustness of the tree. In fact, species such as Mycobacte-
rium fortuitum and M. avium are poorly resolved using a single-
gene-based tree, i.e., 16S rRNA gene-based tree, whereas
these taxa are well separated by a supertree approach (112).
Recently, another example of an actinobacterial supertree was
proposed (448). The concatenation of fragments from seven

conserved genes, i.e., clpC, dnaB, dnaG, dnall, purF, rpoC, and
xfp, generated a robust and highly discriminatory supertree
that has been used to infer phylogeny in the genus Bifidobac-
terium. This phylogenetic investigation revealed that the bi-
fidobacterial strains isolated from an insect hindgut, i.e., B.
asteroides and Bifidobacterium coryneforme, constitute the clos-
est relatives of the ancestor of the genus Bifidobacterium (448).

CONCLUSIONS

Access to large sets of genome sequences of Actinobacteria
has significantly improved our understanding of the evolution-
ary path followed by this group of bacteria. Moreover, genomic
and comparative genomic analyses have revealed key gene
regions in Actinobacteria that are worthy of continued investi-
gation for their potential roles in pathogenesis or bioprocess-
ing. As more genome sequences become available, we can
expect a more thorough understanding of phylogeny, further
expansion of our insights into behavior and developmental
processes, and better delineation of the genetic traits that
distinguish the high-G+C gram-positive bacteria. In this con-
text the availability of novel high-throughput sequencing capa-
bilities will enable scientists to embark on environmental
genomic (metagenomic) studies in which extensive but random
DNA surveys of a particular environment are executed (372).
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Such analyses will help to form a clear picture of actinobacte-
rial diversity.

Genomics has been shown to be a powerful means to study
microbial pathogenicity (i.e., pathogenomics), to identify the
genetic determinants involved in the health-promoting effects
of probiotic bacteria (i.e., probiogenomics), and to character-
ize the molecular pathways for the production of biomolecules
in industrial processes.

The ongoing proliferation of whole-genome sequences is a
stepping stone for systems biology (2), which aims to study the
integrated network constituted by the complete repertoire of
genes (genome), the population of transcripts (transcriptome),
the population of proteins (proteome), the population of me-
tabolites (metabolome), and fluxes of an organism or cell, in
relation to intrinsic and environmental stimuli (2, 34, 184). It is
too early to speculate on how such a systems biological ap-
proach will affect our understanding of genome functionality in
Actinobacteria. However, functional genome analysis promises
to reveal genetic networks that orchestrate complex microbial
responses to a variety of conditions that are critical to growth,
metabolic activity, survival, and communication and signaling.

A final issue is represented by the future impact of the
availability of a large number of complete genome sequences
on bacterial taxonomy and the prokaryotic species concept. It
is clear that novel insights into the current classification
scheme will arise as the increasing number of available genome
sequences will allow the bacterial taxonomists to evaluate the
potential of genome-based taxonomical approaches, i.e., gene
content, gene order, comparative sequence analysis of con-
served macromolecules, presence/absence analysis, and nucle-
otide composition (79), to deduce relationships between taxa.
It can be expected that the availability of a large number of
completely sequenced genomes will facilitate the development
of universal genome sequence analysis schemes, which will
allow the adoption of a more natural species concept.
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